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ABSTRACT 
 
 
This dissertation attempts to better understand astronomical, meteorological, and 
oceanographic forcing of offshore-spawned, estuarine-dependent species from continental shelf 
to estuarine waters through tidal passes. The vertical distribution of zoo-/ichthyoplankton within 
the inner continental shelf from the Louisiana Offshore Oil Platform monitoring project (1978-
1995) provided an important offshore end member for the estuarine recruitment study, and is 
potentially useful in predicting vulnerabilities to past and future oil spills. The role that 
atmospheric cold front passages may have on densities and movement of zoo-/ichthyoplankton 
recruiting through the Bayou Tartellan tidal pass, Louisiana, were analyzed using a Generalized 
Additive Model. The pre-frontal phase, with dominant southern quadrant winds, leading to 
coastal setup, can enhance flood tides and increase larval recruitment. Post-frontal phase strong 
northerly winds can enhance ebb tides, which could have negative estuarine retention 
implications. Lateral differences across Bayou Tartellan at a bulkheaded northern edge, center 
channel, and a natural-sloping southern shore edge were analyzed using a Zero Inflated Negative 
Binomial model to determine if behaviorally-mediated, lateral movements by larger larvae could 
enhance estuarine recruitment/retention. During inflows, estuarine-dependent larvae generally 
utilized the surface of the center channel and had much lower densities towards the edges. 
During outflows, larger larvae were more numerous along the southern edge, where velocities 
were slower. Finally, otolith age and growth data for Micropogonias undulatus and Brevoortia 
patronus were analyzed for growth rates and microstructure differences associated with 
oceanographic variability along their recruitment corridors from offshore spawning grounds 
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through the coastal boundary layer, and into the tidal pass. Growth rates from a Laird-Gompertz 
model for M. undulatus were similar to previous studies. Otolith microstructure suggested 
ingress through the coastal boundary layer/estuarine waters occurred at approximately 40 days 
post hatch, and had a marked effect on growth. A two-cycle, Laird-Gompertz growth model for 
B. patronus suggested a growth stanza at 35 days post hatch, which most likely reflects changing 
oceanographic conditions during transport and biological consequences of a shift in ontogenetic 
feeding strategy from selective particulate feeder to an omnivorous filter feeder, with a strong 
initial growth rate decreasing rapidly after the beginning of the transition in feeding strategy.  
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CHAPTER 1. GENERAL INTRODUCTION 
 
1.1 General Study Background 
Successful estuarine recruitment of offshore-spawned zoo-/ichthyoplankton through tidal 
passes into estuarine nurseries is important, as exemplified by estuarine-dependent species 
comprising 75% to 95% of the commercial fisheries landings in the northern Gulf of Mexico 
(GOM; Chambers, 1992; Mann, 2000). Assemblages of these estuarine-dependent zoo-
/ichthyoplankton in Louisiana estuaries vary across spatial and temporal scales (Mazzotti et al. 
2008; Reyier et al. 2008). These early life history stages of zoo-/ichthyoplankton are expected to 
have limited ability to migrate horizontally. Therefore, their distribution and transport is likely 
determined by a combination of oceanographic flows, wind-driven currents and astronomical 
tides, which can exert strong effects on recruitment success (Joyeux 1999; Brown et al. 2004; 
Roegner et al. 2007; Lara-Lopez and Neira 2008). Understanding their capacity to vertically 
migrate within a water column that may have differential current flows may be ecologically 
important with respect to estuarine recruitment (Tankersley et al., 1998; Gibson et al. 2001; 
Criales et al., 2011).  However, previous studies along the northern GOM have shown a lack of 
ichthyoplankton vertical stratification, which is most likely a reflection of the well-mixed nature 
of these estuaries and tidal passes (Lochmann et al., 1995; Holt and Holt, 2000; Kim et al., 
2010).  
Chapter 2: In many regions of the world with major fisheries, data are available on the 
vertical distributions of finfish and invertebrates abundances (Yatsu et al., 2005). In the GOM, 
however, there is a general lack of ichthyoplankton studies dealing with multi-species depth 
preferences over protracted time scales (Hernandez et al., 2003; Lindquist et al., 2005; Carassou 
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et al., 2012). This is somewhat surprising given that Louisiana ranks second in U.S. commercial 
fisheries landings and fourth in dockside value (Van Voorhees and Lowther, 2011). Furthermore, 
zoo-/ichthyoplankton vertical distribution data have ecological and environmental impact 
applications. For example, such vertical data would be helpful in determining potential 
vulnerabilities to oil spills such as the Deepwater Horizon Macondo blowout (20 April 2010) that 
occurred 66 km off the Louisiana coast in approximately 1600 m depth (Cleveland, 2011; 
Graham et al., 2012). Therefore, the overall objective of this chapter is to analyze zoo-
/ichthyoplankton depth preferences in the water column utilizing the Louisiana Department of 
Wildlife and Fisheries’ Louisiana Offshore Oil Port (LOOP) sampling program from 1978 to 
1995, which had coastal sampling across a depth range of 7.6 to 37 m. 
Chapter 3: Many species of fish in the northern GOM spawn on the inner continental 
shelf or near the mouths of estuaries, and utilize estuaries as nursery habitat for larval, postlarval 
and juvenile life history stages. This chapter of the dissertation, however, focuses on several 
commercially- and recreationally-important species which spawn during fall through spring 
(Able 2005; Hare and Govoni 2005; Glass et al. 2008; Vinagre et al. 2009). During this time 
interval, winter storm events, i.e., atmospheric cold front passages, can exert either a negative or 
positive force on recruitment and retention, since these energetic meteorological events have 
been shown to temporarily override the effects of astronomical tides (Reyes et al. 2002; Stone et 
al. 2004; Li et al. 2011). To remove the tidal and inertial effects, a 6th-order 40-hr Butterworth 
low-pass filter was applied to the raw volume transport to produce a net water transport (m3/s; 
NWT). These net transport data effectively show the lower-frequency subtidal oscillations 
associated with cold front events and other wind forcing, while filtering out the higher frequency 
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diurnal tidal oscillations (Li et al. 2009). This is particularly true given Louisiana’s micro-tides 
and generally north/south oriented estuaries, which align with the prevailing north/south wind 
fields of winter frontal events. These cold fronts have been shown to cause extreme changes in 
estuarine water levels, with volume transport up to six times greater than the average normal 
tidal flux, and water level variations of 1.2 m or more (Swenson and Chuang 1983; Perez et al. 
2000; Walker and Hammack 2000). Therefore, the timing and densities of transported larvae at 
any given moment along their recruitment corridor may be controlled by a varying combination 
of oceanographic flows, astronomical tides, and meteorological forces (Joyeux 1999; Brown et 
al. 2004; Comyns and Lyczkowski-Shultz 2004; Johnson et al. 2009). The objective of this 
chapter is the evaluation of the relative contributions of these high-energy, atmospheric cold 
front passages and astronomical tides to the successful estuarine recruitment of winter-spawned, 
estuarine-dependent fisheries species in a Louisiana tidal pass. 
Chapter 4: Atlantic croaker (Micropogonias undulatus) is a commercially- and 
ecologically-important species in the GOM, but the stock has been historically drawn down as 
bycatch from other fisheries. The amount of Atlantic croaker harvested commercially has been 
cyclic, ranging from 1,100 metric tons (t) to over 15,000 t per year, which does not include the 
extremely high levels of bycatch, i.e., from 100,000 to 400,000 t annually (NMFS, 2009; NMFS, 
2012). Under such fishing mortality pressures, hydrologic variability at large and small spatial 
and temporal scales can greatly affect the successful recruitment of M. undulatus into estuarine 
nursery grounds (Norcross, 1983; Shaw et al., 1988; Raynie, 1991; Raynie and Shaw, 1994). 
Once in the estuary, survival during their first winter is primarily effected by lower temperatures 
increasing mortality, as verified in both the field (Norcross and Austin, 1981; Hare and Able, 
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2007), and laboratory (Lankford and Targett, 2001a/b). Modeling larval growth during their 
transport along the recruitment corridor, therefore, can prove to be a useful tool. Analyzing 
otolith microstructure can be used to estimate approximate times of larval ingress (Hoover et al., 
2012), and illuminate growth responses to changes in hydrologic conditions. Differences in ring 
width at length have also been used to determine within season cohorts, based on variable growth 
between seasons in the same recruitment year (Brophy and Danilowicz, 2002). The primary 
objectives of this chapter are to determine the length at age for M. undulatus larvae, estimate 
estuarine/coastal boundary zone ingress times through the tidal pass, and determine the effect of 
hydrodynamic patterns associated with the differences between continental shelf and estuarine 
waters on growth. 
Chapter 5: Brevoortia patronus, gulf menhaden, represents both a commercially-
important fishery in the GOM (Pritchard, 2005; Vaughn et al., 2010; McCrea-Strub et al., 2011), 
and an ecologically-important prey item for commercially- and recreationally-important species 
(Del Rio et al., 2010; Nelson et al., 2012; Simonsen and Cowan, 2013). The B. patronus fishery 
is the second largest United States fishery by weight and fourth in value (Pritchard, 2005), 
harvesting an average of 400-600 kilotons annually with 92% of the annual landings occurring in 
Louisiana in recent years (Vaughn et al., 2010). Possible population limitations for B. patronus 
include food availability, habitat limitations, and successful recruitment of larvae into estuarine 
nursery areas, with declining recruitment being more of a concern based on a recent decrease in 
population fecundity (Vaughn et al., 2007). Recruitment from the more oligotrophic continental 
shelf spawning grounds through tidal passes into more productive estuarine waters represents an 
ecologically important change (Raynie and Shaw, 1994). This time period also corresponds to 
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when B. patronus larvae transform from selective particulate feeding to omnivorous filter 
feeding as juveniles (Stoecker and Govoni, 1984; Deegan 1990; Chen et al. 1992; Lozano et al., 
2012). Analysis of otolith microstructure can provide information to calculate growth rates and 
to document metabolic responses to changing environments and to metamorphic changes, 
through variability in otolith ring width (Maillet and Checkley 1990; Chambers and Miller, 
1995). The primary objectives of chapter 5 are to determine the length at age of B. patronus 
larvae, determine at what age there is a shift in growth rate consistent with the expected shift in 
feeding strategy from a selective particulate feeder to an omnivorous filter feeder, and determine 
the distribution of the spawning period using back calculation of spawning dates from age 
frequency keys 
Chapter 6: Other than the Mississippi and Atchafalya Rivers, most of the embayments 
and estuaries in the northcentral GOM have relatively small drainage basins with little freshwater 
head. In addition, most of these estuaries are very shallow (< 2 m deep) and have a diurnal 
micro-tidal regime which limits their potential for vertical haline stratification (Smith, 1977; 
Moeller et al., 1993; Cahoon and Reed, 1995; Wang, 1997; Li et al., 2009; Li et al., 2011). Under 
the vertically well-mixed conditions prevalent in the northcentral GOM, the shape of the tidal 
pass and resultant hydrodynamics created from bathymetric variability, branches, and eddies can 
create micro-environments where flow velocity may vary laterally during either tidal stage 
(Kjerfve, 1978; Boon and Byrne, 1981; Wang and Craig, 1993; Li and O’Donnell, 1997). This is 
in contrast to the deep, more often vertically-stratified, drowned river valley estuaries of the east 
coast of the U.S.A., where behaviorally-mediated recruitment strategies involve moving 
vertically, such as selective tidal stream transport (STST), are predominate (Arnold and Cook, 
6 
 
 
 
1984; Boehlert and Mundy, 1988; Tankersley et al., 1998; Gibson et al. 2001; Criales et al., 
2011). Chapter six analyzed lateral differences across Bayou Tartellan, at a bulkheaded northern 
edge, center channel, and a natural, gently sloping southern shore edge to determine if 
behaviorally-mediated, lateral movements by larger larvae could enhance estuarine 
recruitment/retention. To counter the typically large number of zeroes in this fisheries dataset, a 
Zero Inflated Negative Binomial (ZINB) model was used to analyze ichthyoplankton densities, 
fish standard lengths, and NWTs using both the logistic (i.e., probability of encounter) and 
negative binomial (i.e., larval density) portion of the model. 
Summary: The overall focus of this dissertation is on ichthyoplankton estuarine 
recruitment dynamics across varying spatial and temporal scales, incorporating both 
environmental and organismal analyses, allowed for the investigation of estuarine recruitment 
processes in the highly variable environment along a recruitment corridor from the coastal ocean 
to a Louisiana tidal pass. This dissertation had a systematic and sequential research approach. 
First, determine general vertical structure for zoo-/ichthyoplankton within the Louisiana inner 
continental shelf. Second, investigate the effect of winter cold front passages have on estuarine 
recruitment dynamics for winter spawning species using a Generalized Additive Model (GAM). 
Third, to use non-linear growth modeling and fine-scale measurement of otolith microstructure 
to investigate the effects the transition from more oligotrophic continental shelf waters 
experienced along the recruitment corridor may have on larval Micropogonias undulatus and 
Brevoortia patronus. Finally, investigate differences in lateral cross channel probability of 
encounter and larval densities utilizing a Zero Inflated Negative Binomial (ZINB) model to help 
account for patchy distributions of larvae in the tidal pass. 
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CHAPTER 2. VERTICAL DISTRIBUTION OF ICHTHYOPLANKTON 
AND COMMERCIALLY-IMPORTANT DECAPODS IN THE NORTH-
CENTRAL GULF OF MEXICO 
 
 
Ichthyoplankton and commercially-important decapod vertical 
distribution patterns were analyzed from the Louisiana Department  
of Wildlife and Fisheries’ Louisiana Offshore Oil Port (LOOP)  
sampling program across a depth range of 7.6 to 37 m from 1978 to  
1995. Analyses used sampling gear and protocol to divide the water  
column into horizontally-stratified depth bins, i.e., surface tows,  
surface, mid-water and near-bottom bongo tows, and two, half-water- 
column, oblique tows. Of the 321 taxa identified for analysis, 125 were  
found to have statistically significant depth differences. In addition to  
these statistically significant findings, 75 taxa were found distributed  
exclusively in horizontal surface tows only; three taxa were collected  
exclusively at mid-depth; and three in near-bottom horizontal bongo  
net tows.  In general, within the horizontally-stratified samples, species  
richness, i.e., total taxa collected, total density, and mean variability  
declined with water depth.  
 
2.1 Introduction 
Understanding the vertical distributional pattern of larval fish and invertebrates in the marine 
environment has long been recognized as being important for ecological and 
fisheries analyses (Ahlstrom, 1959; Finucane et al., 1977; Lang, 2012). In many regions of the 
world with major fisheries, data are available on the vertical distributions of finfish and 
invertebrates abundances (Yatsu et al., 2005). In the Gulf of Mexico (GOM), however, there is a 
general lack of ichthyoplankton studies dealing with multi-species depth preferences over 
protracted time scales (Hernandez et al., 2003; Lindquist et al., 2005; Carassou et al., 2012). 
What little that is known about the vertical distribution of ichthyoplankton in the northern GOM 
has recently been reviewed by Shaw (unpublished manuscript in review). This is somewhat 
surprising given that Louisiana ranks second in U.S. commercial fisheries landings and fourth in 
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dockside value (Van Voorhees and Lowther, 2011). The absence of such empirical data in 
association with a high number of confounding biotic interactions and abiotic forcing functions 
makes modeling the vertical distribution of zoo-/ichthyoplankton very difficult. Some of those 
confounding factors include: the high variability associated with water column physics (e.g., 
thermohaline stratification, wind mixing, presence or absence of river plumes and associated 
convergence and divergence zones/fronts, coastal boundary layers, etc. (Auth and Brodeur, 2006; 
Muhling and Beckley, 2007; Carassou et al., 2012); the resultant spatial variation associated with 
motile, feeding or diel migratory behavior (Braztikovich, 1988); and plankton patchiness. 
 Obviously zoo-/ichthyoplankton vertical distribution data have ecological and 
environmental impact applications. For example, such vertical data would be helpful in 
determining potential vulnerabilities to oil spills such as the Deepwater Horizon Macondo 
blowout (20 April 2010) that occurred 66 km off the Louisiana coast in approximately 1600 m 
depth (Cleveland, 2011; Graham et al., 2012). In addition, normal production at offshore oil and 
gas platforms as well as proposed offshore Liquefied Natural Gas (LNG) port facilities can use 
ambient seawater for a number of different purposes, and can have authorized and/or accidental 
discharges at the surface and at depth. In the case of LNG facilities, it has been estimated that 76 
million to 176 million gallons·day-1 per facility of ambient seawater could be taken at depth for 
use in their proposed, radiator-like open-loop (i.e., single pass through) re-gasification systems 
(Helvarg, 2006). Clearly such vertical distribution data would facilitate more accurate prediction 
of oil spill vulnerability and could significantly reduce offshore, platform-related potential 
impingement, entrainment and discharge mortalities of commercially-, recreationally-, or 
ecologically-important planktonic organisms. 
15 
 
 
 
2.2 Materials and Methods 
The Louisiana Offshore Oil Port (LOOP) is located off central Louisiana (98º 53' 06.06" 
N, 90º 01' 30.18" W) and is the only U.S. superport for off-loading deep draft oil tankers. The 
entire facility stretches from the continental shelf port platform 30 kilometers offshore across the 
coast and then across 50 kilometers of terrestrial landscape until it reaches the inshore storage 
facility, Clovelly Storage Dome, near Galliano, Louisiana. Oil is transported through a large 
diameter pipeline that receives a flow boost from a pumping station near the port of Fourchon 
(Shaw et al., 1998). 
 The initial environmental assessment and subsequent monitoring program for the LOOP 
project provided an environmental data set from 1978 to 1995 and incorporated sampling for 
both ichthyoplankton and zooplankton. This is the most comprehensive, vertically-stratified, 
sampling effort in the northern GOM to date.  
 For the purposes of this inner continental shelf analysis, only station locations with a 
water depth greater than 7.6 meters (m) were included (range 7.6 m – 37 m). Of the complete 
suite of LOOP sampling sites, which also included freshwater and estuarine locations, 78 
sampling sites (92 stations) were included in this shelf plankton analysis (Table 2.1; Figure 2.1). 
Through time a number of these sampling sites were regrouped and/or combined into different 
sampling station numbers making it somewhat difficult to continually trace the sampling history 
at a given location. Therefore, we took the approach of trying to determine the vertical 
distributions of plankton within the depth zone selected (7.6 m – 37 m station depth) regardless 
of the actual location. For most of the collection sites, sampling was conducted monthly and 
mostly during daylight hours. A number of stations through time had a combination of monthly, 
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quarterly, and nocturnal sampling, while a few others were only sampled quarterly. Therefore, no 
effort was made herewithin to analyze the vertical distribution results by seasons, and there were 
also no available data on fish eggs. However, monthly densities for both zooplankton and  
combined into different station numbers, so not all station numbers are represented on the maps, 
but all sampling sites are represented (See Table 2.1). ichthyoplankton have been reported for the 
0.5 and 1.0 m ring nets and the 60-centimeter (cm) bongo net collections for all LOOP stations 
combined within the final environmental impact report of the LOOP Marine and Estuarine 
Monitoring Program, 1978 - 1995 (Shaw et al., 1998; tables II-A to II-F7).  
Plankton collections were taken using a number of different sampling gears and 
protocols. Surface plankton collections were taken with 0.5 m ring nets that used both 80 and 
0.153-millimeter (mm) net mesh and had tow durations of one minute. The surface was also 
sampled with 1 m ring nets with 0.363 mm mesh. In addition, 60 cm, hinged, opening and 
closing, bongo nets with 0.363 mm mesh were also used to discretely sample the surface, mid-
depth, and near-bottom. At deeper sampling stations, opening and closing bongo nets were also 
used to obliquely sample two halves of the water column discreetly, i.e., from near-bottom to 
mid-depth and from mid-depth to surface. With the exception of the 0.5 m ring net, all other 
horizontally stratified and all obliquely towed collections had tow durations of approximately 3-5 
minutes.  
All samples were identified to the lowest taxonomic level possible, i.e., at least to the 
family level, with most being identified to genus and/or species. Identifications were based on 
the following literature: Miller and Jorgenson (1973); Fritzsche (1978); Hardy (1978a, 1978b);  
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Table 2.1: Louisiana Offshore Oil Platform (LOOP) sampling stations which met our depth 
criteria of approximately 8 m depth or greater, their latitudes and longitudes, and mean water 
column depth in meters. Through the course of the study (1978-1995), a number of these 
sampling sites were regrouped and/or combined into different sampling station numbers. 
 
Station No. Latitude (N) Longitude (W) Depth (m)
4 29.1833 89.9000 12.2
35, 335, 435, 535, 829 29.1228 90.0833 10.8
36 29.1000 90.1150 11.0
44 28.9317 90.5250 9.2
50 28.8089 90.0764 37.0
51 28.9450 90.0308 28.0
52, 482 28.9133 89.9847 34.0
53, 481 28.8850 90.0250 34.0
54, 479 28.9367 90.0686 27.0
55 28.8633 90.0253 34.5
306, 472 29.0967 90.1108 10.0
318 29.1044 90.1131 11.0
319 29.0950 90.1608 7.6
336, 470, 825 29.0906 90.1231 10.4
337, 469 29.0964 90.1267 9.5
467 29.1047 90.1292 8.8
468, 830 29.0997 90.1217 9.8
471, 828 29.0872 90.1161 12.2
473 29.1003 90.1133 8.8
474 29.0978 90.1147 8.8
475 29.1003 90.1167 9.5
476 29.1031 90.1153 8.5
477 29.0358 90.0967 15.2
478 29.0358 90.0867 15.2
480 28.9361 90.0597 27.0
484 28.8511 90.0717 34.0
485 28.8661 90.0153 37.0
486 28.8792 90.0025 34.0
487 29.0903 90.1056 12.8
500 29.1039 90.1183 9.0
501 29.0964 90.1183 9.0
502 29.0972 90.1114 10.0
505 29.0956 90.0861 11.0
506 29.0872 90.1178 10.0
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Table 2.1 Continued: 
 
 
Station No. Latitude (N) Longitude (W) Depth (m)
507 29.0894 90.1022 11.0
557, 857 29.1017 90.1236 8.8
701 29.0967 90.1117 9.7
702 29.0672 90.1056 12.7
703 29.0367 90.0950 15.2
704 28.9961 90.0831 19.4
705 28.9742 90.0794 22.4
706 28.9417 90.0694 26.1
707 28.9092 90.0456 30.6
708 28.8842 90.0250 33.0
709 29.1067 90.1183 8.4
710 29.1119 90.1242 7.7
711 28.7847 90.1461 33.5
713 28.8492 90.1650 27.4
715 28.9150 90.1833 21.3
717 28.9797 90.2011 15.5
719 29.0428 90.2186 9.1
788 28.8947 90.0283 32.6
798 28.8756 90.0197 34.4
801 29.1047 90.1078 9.8
802 29.1031 90.1097 9.9
803 29.1022 90.1119 10.1
804 29.1011 90.1142 9.9
805 29.0994 90.1161 10.1
806 29.0978 90.1178 9.4
807 29.0961 90.1197 9.3
808 29.1033 90.1156 9.1
809 29.1006 90.1144 10.0
810 29.0989 90.1131 10.1
811 29.0967 90.1114 10.1
812 29.0978 90.1103 9.5
813 29.0994 90.1119 9.2
814 29.1100 90.1136 9.5
815 29.1028 90.1147 10.4
816 29.0933 90.1219 11.2
817 29.0947 90.1097 9.7
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Table 2.1 Continued: 
 
 
 
Johnson (1978); Jones et al. (1978); Martin and Drewry (1978); Colton et al. (1979); Leak 
(1981); Houde (1982); Stuck and Perry (1982); Fahay (1983); Moser (1984); and Ruple (1984).        
 Individual taxa counts from net collections were converted to density, i.e., the number of 
individuals per volume (m3) of water filtered was standardized to a volume of 100 m3, and log-
transformed, i.e., log10 (density + 1), for the purposes of meeting the assumptions of the Analysis 
of Variance (ANOVA). The depth bins used in the analysis were determined by the sampling 
gear’s trajectory in the water column. The statistical model used in the analyses was a mixed 
effects analysis of variance (Mixed ANOVA; SAS, version 9.3, SAS Inst., Inc., Cary, NC) with 
depth as the fixed effect. The linear model has the following form: 
ݕ௜௝௞ 	= 	ߤ	 +	ߙ௜ +	ߚ௝ +	ߝ௜௝௞	
where ݕ௜௝௞ is the dependent response of log10 (density + 1), ߤ  is the overall response mean, ߙ௜ is 
the fixed main effect of level i of the factor of interest, depth, subject to the constraint ∑ߙ௜ = 0,  
ߚ௝ is the main effect of level j of the random effect time, with ߚ௝~ܰ(0, ߪఉଶ), and ߝ௜௝ is the overall 
Station No. Latitude (N) Longitude (W) Depth (m)
818 29.0956 90.1086 9.5
819 29.1064 90.1056 9.8
820 29.1047 90.1167 9.3
821 29.1042 90.1175 9.1
822 29.1064 90.1183 9.2
823 29.1056 90.1189 9.2
824 29.1044 90.1044 11.0
826 29.1131 90.1267 9.5
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error term ~ܰ(0, ߪଶ), including the interaction term to boost power. The model was applied to 
each taxa for all portions of the water column. All LOOP sampling efforts that fit within the 
 
Figure 2.1: Map of the study area and Louisiana Offshore Oil Platform (LOOP) sampling 
locations in coastal Louisiana, USA. Insert A is in the vicinity of the LOOP brine diffuser site 
(station 36) where more intensive sampling took place (scale=1:51,000; modified after Hanifen 
1987; Figure 1.3). Zooplankton and ichthyoplankton sampling took place at a number of 
sampling sites, which through the course of the study (1978-1995) were regrouped and/or 
combined into different station numbers, so not all station numbers are represented on the maps, 
but all sampling sites are represented (See Table 2.1). 
 
depth range were used in the analysis. Seasonal encounter was computed for each taxa, and only 
those months where there was an expectation of encountering the taxa during sampling were 
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included in the analysis. Comparisons among the surface tows and the three, discrete, horizontal, 
bongo net tows as well as contrasts between the two (half water column) stepped-oblique tows 
were done using Fisher’s Least Significant Difference (SAS, version 9.3, SAS Inst., Inc., Cary, 
NC) where appropriate. When considering multiple comparisons, critical values were adjusted 
with a Bonferroni correction (݌	 = 	0.0167) to compensate for experiment-wise error rate.  
 Day night catch ratios (D/N) were computed using the mean density during the day at the 
surface, divided by the mean density at night. Day was defined as any sampling conducted from 
11:00 to 22:59 GMT (6:00 to 17:59 CST) and night as occurring from 23:00 to 10:59 GMT 
(18:00 to 5:59 CST). Only taxa sampled in both time categories were included in the day/night 
ratio analysis. There was, however, a noticeable lack of sampling at night, especially in the near-
bottom depth bin, which made it impossible to distinguish between daytime visual gear 
avoidance in surface waters and diel vertical migration from depth. 
2.3 Results 
2.3.1 Ichthyoplankton 
Of the 314 fish taxa identified which were sampled at some combination of depths (i.e., surface 
tows, surface, mid-water and near-bottom opening-closing bongo tows, or some surface 
collection and either the upper or lower oblique, half water column tows), 122 had statistically 
significant vertical distribution patterns after Bonferroni adjustment (Table 2.2 and Table 2.3, 
code G). In addition to these statistically significant findings, 75 fish taxa were exclusively 
sampled with horizontal surface gears only, yet, were not statistically analyzed against the other 
zero values (Table 2.3, code B). There were also three taxa, Anchoa nasuta, Ophichthus ophis, 
and Serraniculus pumilio, which were exclusively collected within mid-depth horizontal tows 
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(Table 2.3, code D), and three taxa, Lestrolepis intermedia, Paraconger caudilmbatus, and 
Trachinocephalus myops, in near-bottom horizontal bongo tows (Table 2.3, code E). Fifty-one  
taxa were sampled throughout the upper half of the water column, i.e., in the surface and mid-
water depth bins and/or the upper oblique, half water column tows (Table 2.3, code C). Finally, 
there were only 5 taxa Chaunax spp., Gadus spp., Lampridae, Scomberomorus regalis, and 
Scopelarchus spp., that were sampled exclusively in the bottom half of the water column, i.e., the 
mid-water, near-bottom and/or lower oblique depth bins (Table 2.3, code F). In general, within 
the horizontally stratified sampling, species richness (i.e., total taxa collected), total density, and 
mean variability declined with depth.  
The 122 taxa, which showed some statistical preference for a portion of the water 
column, comprised six general vertical functional groups: surface oriented; mid-depth oriented; 
near-bottom oriented; upper water column oriented; lower water column oriented; and obliquely 
distributed (i.e., vertically ubiquitous). Inclusion in any vertical group does not denote zero 
collections in any other group; rather it simply shows affinity for a particular portion of the water 
column with respect to all others sampled within the LOOP sampling protocols. There were 51 
families of fish and the family Portunidae that showed some statistical difference in our analysis. 
2.3.2 Surface Oriented 
 Overall there were twelve taxa which showed statistically significant preferences for the 
surface. There were five taxa which showed statistical preferences for surface waters in relation 
to the other depth bins. Leatherjacket fish, Oligoplites saurus, showed the most affinity towards 
the surface with surface densities statistically greater than all other depth bins. Four taxa had 
surface tow mean densities that were statistically greater, but showed no preference for any other  
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Table 2.2: Ichthyoplankton and economically-important decapod crustacean taxa which showed 
statistical differences between multiple depths in the analysis. Mean densities are given as 
individuals per 100 cubic meters of water filtered. Probabilities are from the Mixed ANOVA 
model, and were calculated for fish taxa and for decapods using Fisher's Least Significant 
Difference with a Bonferroni adjustment. Underlined depths indicate greater statistical densities. 
Surf = surface tows (0.5 and 1-m ring nets and surface 60-cm bongo net tows) ; Mid = mid-water 
bongo tows ; NB = near-bottom bongo tows ; UO = upper half water column oblique tow ; LO = 
lower half water column oblique tow ; VS or v= versus. 
 
Family Fish Taxa Depth Density VS Prob. Prob.
Achiridae Trinectes maculatus Surf 0.0009 Surf v Mid 1.0000 Surf v LO <0.0001
(hogchoacker) Mid 0 Surf v NB 1.0000 Mid v LO 0.0006
NB 0 Mid v NB 1.0000 NB v LO 0.0007
UO v LO 0.0026
Ariommatidae Ariomma spp. Surf 0.0762 Surf v Mid 1.0000 Surf v UO 0.0211
(butterfishes) Mid 0.0302 Surf v NB 0.5210 Mid v UO 0.0096
NB 0.0094 Mid v NB 1.0000 NB v UO 0.0016
Atherinidae Atherinidae Surf 0.0074 Surf v Mid 0.0974 Surf v UO 0.0163
(silversides) Mid 0 Surf v NB 0.0580
NB 0.0143 Mid v NB 1.0000
Blenniidae Blenniidae Surf 3.3614 Surf v Mid <0.0001 Surf v UO 0.0023
(blennies) Mid 0.9107 Surf v NB <0.0001 Surf v LO <0.0001
NB 0.3546 Mid v NB 0.1918 Mid v UO <0.0001
NB v UO <0.0001
UO v LO <0.0001
Bothidae Bothidae Surf 0.0323 Surf v Mid 0.0016 Surf v LO 0.0047
(left-eye flounders) Mid 0.1983 Surf v NB 1.0000
NB 0.0524 Mid v NB 0.3390
Bothus spp. Surf 0.0058 Surf v Mid 1.0000 Surf v UO <0.0001
(left-eye flounder) Mid 0 Surf v NB 1.0000 Mid v UO <0.0001
NB 0 Mid v NB 1.0000 NB v UO <0.0001
UO v LO 0.0003
Engyophrys senta Surf 0.0025 Surf v Mid 1.0000 Surf v UO <0.0001
(American spiny flounder) Mid 0.0111 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.0189 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO 0.0003
Trichopsetta ventralis Surf 0.0139 Surf v Mid 1.0000 Surf v UO <0.0001
(sash flounder) Mid 0 Surf v NB 1.0000 Mid v UO <0.0001
NB 0 Mid v NB 1.0000 NB v UO <0.0001
UO v LO 0.0050
Additional 
VS of 
Note
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Table 2.2 Continued:
 
 
Family Fish Taxa Depth Density VS Prob. Prob.
Bregmacerotidae Bregmaceros spp. Surf 0.0266 Surf v Mid 0.8238 NB v UO <0.0001
(codlets) Mid 0.1362 Surf v NB <0.0001 NB v LO <0.0001
NB 1.622 Mid v NB <0.0001
Bregmaceros atlanticus Surf 0.0112 Surf v Mid 1.0000 Surf v UO <0.0001
(antenna codelt) Mid 0.0397 Surf v NB 1.0000 Surf v LO 0.0030
NB 0.0094 Mid v NB 1.0000 Mid v UO 0.0460
NB v UO 0.0003
NB v LO 0.0468
Bregmaceros cantori Surf 0.301 Surf v Mid 1.0000 Surf v UO <0.0001
(striped codelt) Mid 0.8978 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.1157 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
UO v LO <0.0001
Carangidae Carangidae Surf 0.6866 Surf v Mid 1.0000 Surf v UO 0.0464
(jacks) Mid 3.5086 Surf v NB 0.9916 Surf v LO 0.0010
NB 0.3337 Mid v NB 0.8946 Mid v LO 0.0093
Caranx spp. Surf 0.0792 Surf v Mid 0.9851 Surf v UO <0.0001
(jacks) Mid 0 Surf v NB 1.0000 Mid v UO <0.0001
NB 0 Mid v NB 1.0000 NB v UO <0.0001
UO v LO <0.0001
Chloroscombrus chrysurus Surf 8.1095 Surf v Mid <0.0001 Surf v UO 0.0028
(Atlantic bumper) Mid 83.9297 Surf v NB 1.0000 Mid v LO <0.0001
NB 16.9541 Mid v NB 0.0007 UO v LO 0.0077
Decapterus punctatus Surf 0.1077 Surf v Mid 0.8178 Surf v UO 0.0445
(round scad) Mid 0 Surf v NB 0.8698 Mid v UO 0.0044
NB 0 Mid v NB 1.0000 NB v UO 0.0051
UO v LO 0.0453
Oligoplites saurus Surf 0.3741 Surf v Mid 0.0089 Surf v UO 0.0032
(leatherjack) Mid 0 Surf v NB 0.0134 Surf v LO 0.0053
NB 0 Mid v NB 1.0000
Selar crumenophthalmus Surf 0.0652 Surf v Mid 1.0000 NB v UO 0.0077
(bigeye scad) Mid 0.0238 Surf v NB 0.7577
NB 0.0038 Mid v NB 1.0000
Selene setapinnis Surf 0 Surf v Mid 1.0000 Surf v UO 0.0032
(Atlantic moonfish) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Additional 
VS of 
Note
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Table 2.2 Continued: 
 
 
 
Family Fish Taxa Depth Density VS Prob. Prob.
Carangidae Selene vomer Surf 0 Surf v Mid 1.0000 Surf v UO <0.0001
(lookdown) Mid 0 Surf v NB 1.0000 Mid v UO 0.0024
NB 0 Mid v NB 1.0000 NB v UO 0.0027
Trachurus lathami Surf 0.0276 Surf v Mid 1.0000 Surf v UO <0.0001
(rough scad) Mid 0.0543 Surf v NB 1.0000 Surf v LO 0.0037
NB 0.0132 Mid v NB 1.0000 Mid v UO 0.0390
NB v UO 0.0012
Trichiurus lepturus Surf 1.9195 Surf v Mid 1.0000 Surf v UO <0.0001
(largehead hairtail) Mid 0.0624 Surf v NB 0.0032 Surf v LO <0.0001
NB 0.3934 Mid v NB 0.1116 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
UO v LO <0.0001
Caulophrynidae Caulophrynidae Surf 0.0005 Surf v Mid 1.0000 Surf v UO <0.0001
(anglerfishes) Mid 0 Surf v NB 1.0000 Mid v UO 0.0009
NB 0 Mid v NB 1.0000 NB v UO 0.0016
UO v LO 0.0031
Centriscidae Macrorhamphosus scolopax Surf 0.1004 Surf v Mid 0.8014 Surf v UO 0.0002
(longspine snipefish) Mid 0 Surf v NB 1.0000 Mid v UO <0.0001
NB 0 Mid v NB 1.0000 NB v UO 0.0002
UO v LO 0.0106
Clupeidae Brevoortia gunteri Surf 0.231 Surf v Mid 1.0000 Surf v UO 0.0021
(finescale menhaden) Mid 0.0324 Surf v NB 1.0000 Mid v UO 0.0008
NB 0.9968 Mid v NB 0.2992 UO v LO 0.0086
Brevoortia patronus Surf 17.921 Surf v Mid 0.3311 Surf v UO <0.0001
(Gulf menhaden) Mid 14.0732 Surf v NB 0.0003 Mid v UO <0.0001
NB 12.5076 Mid v NB 1.0000 NB v UO <0.0001
UO v LO <0.0001
Brevoortia spp. Surf 0.4278 Surf v Mid 0.7922 Mid v UO 0.0491
(menhaden) Mid 0.6014 Surf v NB 1.0000 Mid v LO 0.0228
NB 1.3844 Mid v NB 1.0000
Harengula pensacolae Surf 1.821 Surf v Mid 1.0000 Surf v UO <0.0001
(scaled herring) Mid 2.3823 Surf v NB 0.1029 Surf v LO <0.0001
NB 0.3222 Mid v NB 0.0313 Mid v UO <0.0001
Mid v LO 0.0001
Opisthonema oglinum Surf 7.8547 Surf v Mid <0.0001 Mid v UO <0.0001
(Atlantic thread herring) Mid 37.2805 Surf v NB 0.0006 Mid v LO <0.0001
NB 18.4867 Mid v NB 0.0269 NB v LO <0.0001
UO v LO 0.0064
Additional 
VS of 
Note
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Table 2.2 Continued: 
 
 
 
Family Fish Taxa Depth Density VS Prob. Prob.
Congridae Congridae Surf 0.0014 Surf v Mid 1.0000 Surf v UO <0.0001
(conger eels) Mid 0 Surf v NB 1.0000 Mid v UO 0.0023
NB 0 Mid v NB 1.0000 NB v UO 0.0027
Cynoglossidae Symphurus spp. Surf 0.7243 Surf v Mid 0.0215 Surf v UO <0.0001
(tonguefish) Mid 1.5083 Surf v NB 1.0000 Surf v LO <0.0001
NB 1.3495 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
UO v LO 0.0235
Symphurus plagiusa Surf 0.0092 Surf v Mid 1.0000 Surf v UO 0.0344
(blackcheek tonguefish) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Dussumieriidae Etrumeus teres Surf 0.3317 Surf v Mid 1.0000 Surf v UO <0.0001
(round herring) Mid 0.0236 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.0433 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Elopidae Elops saurus Surf 0 Surf v Mid 1.0000 Surf v LO 0.0056
(ladyfish) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Engraulidae Engraulidae Surf 47.7949 Surf v Mid 1.0000 Surf v UO <0.0001
(anchovies) Mid 108.229 Surf v NB 0.0021 Mid v UO 0.0187
NB 18.0221 Mid v NB 0.0005 NB v UO <0.0001
UO v LO <0.0001
Anchoa spp. Surf 14.6403 Surf v Mid 1.0000 Surf v UO 0.0008
(anchovies) Mid 6.394 Surf v NB 1.0000 Surf v LO 0.0010
NB 3.1229 Mid v NB 1.0000 Mid v UO 0.0230
Mid v LO 0.0248
Anchoviella spp. Surf 0.0065 Surf v Mid 1.0000 Surf v UO 0.0284
(anchovies) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Anchoviella perfasciata Surf 0.0108 Surf v Mid <0.0001 Mid v UO 0.0011
(Poey's anchovy) Mid 0.1073 Surf v NB 1.0000 Mid v LO 0.0002
NB 0 Mid v NB 0.0013
Ephippidae Chaetodipterus faber Surf 0.1747 Surf v Mid <0.0001 Surf v UO 0.0187
(Atlantic spadefish) Mid 5.6436 Surf v NB 1.0000 Mid v UO 0.0001
NB 0.248 Mid v NB <0.0001 Mid v LO <0.0001
UO v LO 0.0452
Additional 
VS of 
Note
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Family Fish Taxa Depth Density VS Prob. Prob.
Ephippididae Ephippididae Surf 0.0035 Surf v Mid 1.0000 Surf v UO <0.0001
(batfishes) Mid 0 Surf v NB 1.0000 Mid v UO 0.0032
NB 0 Mid v NB 1.0000 NB v UO 0.0041
UO v LO 0.0013
Gadidae Gadidae Surf 0.01 Surf v Mid 1.0000 Surf v UO 0.0139
(cod/haddock/whiting/pollock) Mid 0 Surf v NB 1.0000 Mid v UO 0.0331
NB 0 Mid v NB 1.0000 NB v UO 0.0410
Gempylidae Gempylidae Surf 0.0071 Surf v Mid 1.0000 Surf v UO <0.0001
(snake mackerels) Mid 0 Surf v NB 1.0000 Mid v UO <0.0001
NB 0 Mid v NB 1.0000 NB v UO 0.0001
UO v LO <0.0001
Diplospinus multistriatus Surf 0.0122 Surf v Mid 1.0000 Surf v UO 0.0018
(striped escolar) Mid 0 Surf v NB 1.0000 Mid v UO 0.0029
NB 0 Mid v NB 1.0000 NB v UO 0.0031
Gobiidae Gobiidae Surf 0.7604 Surf v Mid 1.0000 Surf v UO <0.0001
(gobies) Mid 0.2768 Surf v NB 0.1773 Surf v LO <0.0001
NB 1.3685 Mid v NB 0.1955 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Gobiesocidae Gobiesocidae Surf 0.0026 Surf v Mid 1.0000 Surf v UO 0.0038
(clingfishes) Mid 0 Surf v NB 1.0000 Mid v UO 0.0323
NB 0 Mid v NB 1.0000 NB v UO 0.0382
UO v LO 0.0234
Gobiesox strumosus Surf 0.1653 Surf v Mid 0.0049
(skilletfish) Mid 0 Surf v NB 0.0204
NB 0.0095 Mid v NB 1.0000
Gonostomatidae Gonostomatidae Surf 0.0936 Surf v Mid 0.6414 Surf v UO <0.0001
(bristlemouths) Mid 0 Surf v NB 1.0000 Mid v UO <0.0001
NB 0.0043 Mid v NB 1.0000 NB v UO <0.0001
UO v LO <0.0001
Haemulidae Orthopristis chrysoptera Surf 0.11 Surf v Mid 1.0000 NB v UO 0.0091
(pigfish) Mid 0 Surf v NB 0.0328 NB v LO 0.0091
NB 0.4994 Mid v NB 0.0637
Labridae Labridae Surf 0.0176 Surf v Mid 1.0000 Surf v UO 0.0005
(wrasses) Mid 0.0292 Surf v NB 1.0000 NB v UO 0.0146
NB 0.0078 Mid v NB 1.0000 UO v LO 0.0137
Additional 
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Family Fish Taxa Depth Density VS Prob. Prob.
Lutjanidae Lutjanidae Surf 0.0011 Surf v Mid 1.0000 Surf v UO <0.0001
(snappers) Mid 0 Surf v NB 1.0000 Mid  v UO 0.0010
NB 0 Mid v NB 1.0000 NB v UO 0.0014
Lutjanus spp. Surf 0.0592 Surf v Mid 1.0000 Surf v UO 0.0006
(snapper) Mid 0.02 Surf v NB 1.0000 Mid v UO 0.0010
NB 0.097 Mid v NB 1.0000
Lutjanus campechanus Surf 0.0051 Surf v Mid 1.0000 Surf v UO 0.0179
(red snapper) Mid 0 Surf v NB 1.0000 Mid v LO 0.0476
NB 0 Mid v NB 1.0000
Microdesmidae Microdesmus spp. Surf 0.0941 Surf v Mid 1.0000 Surf v UO <0.0001
(wormfish) Mid 0.0814 Surf v NB 1.0000 Mid v UO <0.0001
NB 0.057 Mid v NB 1.0000 NB v UO <0.0001
UO v LO <0.0001
Microdesmus lanceolatus Surf 0.044 Surf v Mid 1.0000
(lancetail wormfish) Mid 0 Surf v NB 0.0427
NB 0.2574 Mid v NB 0.1575
Moringuidae Neoconger mucronatus Surf 0.0072 Surf v Mid 1.0000 Surf v LO 0.0005
(ridged eel) Mid 0 Surf v NB 1.0000 Mid v LO 0.0045
NB 0.0071 Mid v NB 1.0000 NB v LO 0.0128
Mugilidae Mugil spp. Surf 0.0057 Surf v Mid 1.0000 Surf v UO <0.0001
(mullet) Mid 0 Surf v NB 1.0000 Surf v LO 0.0003
NB 0 Mid v NB 1.0000 Mid v UO 0.0007
Mid v LO 0.0125
NB v UO 0.0009
NB v LO 0.0149
Mugil cephalus Surf 0.889 Surf v Mid 0.0663 Surf v UO <0.0001
(flathead  mullet) Mid 0.0658 Surf v NB 0.0093 Mid v UO <0.0001
NB 0.0061 Mid v NB 1.0000 NB v UO <0.0001
UO v LO <0.0001
Mullidae Mullidae Surf 0.0818 Surf v Mid 0.0952 Surf v LO 0.0071
(goat fishes) Mid 0.0106 Surf v NB 0.0329
NB 0 Mid v NB 1.0000
Muraenidae Muraenidae Surf 0.0024 Surf v Mid 1.0000 Surf v UO <0.0001
(moray eels) Mid 0.2176 Surf v NB 1.0000 Surf v LO <0.0001
NB 0 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO 0.0001
NB v UO <0.0001
NB v LO <0.0001
Additional 
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Family Fish Taxa Depth Density VS Prob. Prob.
Myctophidae Myctophidae Surf 1.0168 Surf v Mid 0.1903 Surf v UO <0.0001
(lanternfishes) Mid 0.368 Surf v NB 0.0014 Surf v LO <0.0001
NB 0.1926 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
UO v LO <0.0001
Hygophum spp. Surf 0.0734 Surf v Mid 1.0000 Surf v UO <0.0001
(lanternfish) Mid 0.0656 Surf v NB 1.0000 Mid v UO 0.0219
NB 0 Mid v NB 1.0000 NB v UO 0.0005
UO v LO 0.0009
Hygophum taaningi Surf 0 Surf v Mid 0.0094 Mid v UO 0.0411
(Tåning's lanternfish) Mid 0.0884 Surf v NB 1.0000 Mid v LO 0.0411
NB 0 Mid v NB 0.2679
Nettastomatidae Nettastomatidae Surf 0.0046 Surf v Mid 1.0000 Surf v UO 0.0037
(duckbill/witch eels) Mid 0.0217 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Ophichthidae Ophichthidae Surf 0.0303 Surf v Mid 1.0000 Surf v UO <0.0001
(snake eels) Mid 0 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.0371 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Myrophis punctatus Surf 0.0983 Surf v Mid 1.0000 Surf v LO <0.0001
(speckled worm eel) Mid 0.0804 Surf v NB 1.0000 Mid v LO <0.0001
NB 0.1658 Mid v NB 1.0000 NB v LO 0.0001
UO v LO 0.0005
Ophichthus spp. Surf 0.0106 Surf v Mid 1.0000 Surf v UO <0.0001
(snake eel) Mid 0 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.0481 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO 0.0011
NB v LO 0.0004
Ophidiidae Ophidiidae Surf 0.0428 Surf v Mid 1.0000 Surf v UO <0.0001
(cusk eels) Mid 0.1594 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.047 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Additional 
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Family Fish Taxa Depth Density VS Prob. Prob.
Ophidiidae Brotula barbata Surf 0.0031 Surf v Mid 1.0000 Surf v UO <0.0001
(Atlantic bearded brotula) Mid 0.0279 Surf v NB 1.0000 Surf v LO <0.0001
NB 0 Mid v NB 1.0000 Mid v UO 0.0023
Mid v LO 0.0002
NB v UO 0.0002
NB v LO <0.0001
Lepophidium spp. Surf 0.026 Surf v Mid 1.0000 Surf v UO <0.0001
(cusk eel) Mid 0.095 Surf v NB 0.5013 Surf v LO <0.0001
NB 0.7605 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Ophidion  spp. Surf 0.0153 Surf v Mid 0.0001 Surf v UO 0.0005
(cusk eel) Mid 0.1961 Surf v NB 1.0000
NB 0.0708 Mid v NB 0.2307
Ophidion selenops Surf 0.0004 Surf v Mid 1.0000 Surf v UO <0.0001
(mooneye cusk eel) Mid 0 Surf v NB 1.0000 Surf v LO 0.0069
NB 0 Mid v NB 1.0000 Mid v UO 0.0004
NB v UO 0.0005
Paralepididae Paralepididae Surf 0.014 Surf v Mid 1.0000 Surf v UO <0.0001
(barracudinas) Mid 0.0047 Surf v NB 1.0000 Mid v UO <0.0001
NB 0 Mid v NB 1.0000 NB v UO <0.0001
UO v LO <0.0001
Lestidiops affinis Surf 0.0014 Surf v Mid 1.0000 NB v UO 0.0159
(barracudina) Mid 0 Surf v NB 0.0071 NB v LO 0.0163
NB 0.0363 Mid v NB 0.0465
Paralichthyidae Citharichthys spp. Surf 0.0093 Surf v Mid 0.0291
(sanddab) Mid 0.0652 Surf v NB 1.0000
NB 0.0228 Mid v NB 0.8562
Citharichthys spilopterus Surf 0.0643 Surf v Mid 1.0000 Surf v UO <0.0001
(bay whiff) Mid 0.1031 Surf v NB 0.0645 Surf v LO <0.0001
NB 0.4089 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Cyclopsetta spp. Surf 0.0037 Surf v Mid 1.0000 Surf v UO 0.0004
(flounder) Mid 0 Surf v NB 1.0000 Mid v UO 0.0104
NB 0 Mid v NB 1.0000 UO v LO 0.0480
Additional 
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Family Fish Taxa Depth Density VS Prob. Prob.
Paralichthyidae Etropus crossotus Surf 0.2863 Surf v Mid <0.0001 Surf v UO <0.0001
(fringed flounder) Mid 1.5129 Surf v NB 0.0001 Surf v LO <0.0001
NB 1.4984 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Etropus rimosus Surf 0 Surf v Mid 0.0144 Mid v UO 0.4140
(gray flounder) Mid 0.0784 Surf v NB 1.0000 Mid v LO 0.0407
NB 0 Mid v NB 0.2188
Paralichthys  spp. Surf 0.0164 Surf v Mid 0.0074
(flounder) Mid 0.125 Surf v NB 1.0000
NB 0 Mid v NB 0.0171
Paralichthys lethostigma Surf 0 Surf v Mid 0.0069
(southern flounder) Mid 0.3619 Surf v NB 1.0000
NB 0 Mid v NB 0.0984
Syacium spp. Surf 0.0289 Surf v Mid 1.0000 Surf v UO <0.0001
(flounder) Mid 0.0318 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.3943 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
UO v LO 0.0005
Syacium gunteri Surf 0 Surf v Mid 1.0000 Surf v UO 0.0232
(shoal flounder) Mid 0.0102 Surf v NB 1.0000
NB 0.0302 Mid v NB 1.0000
Phycidae Urophycis spp. Surf 0.4231 Surf v Mid 0.0503 Surf v LO 0.0079
(codling/hake) Mid 0.0328 Surf v NB 0.0153
NB 0 Mid v NB 1.0000
Pomatomidae Pomatomus saltatrix Surf 0.1216 Surf v Mid 0.1613 Surf v UO 0.0006
(bluefish) Mid 0 Surf v NB 0.2115 Mid v UO <0.0001
NB 0 Mid v NB 1.0000 NB v UO <0.0001
UO v LO <0.0001
Rachycentridae Rachycentron canadum Surf 0.014 Surf v Mid 1.0000 Surf v UO 0.0398
(cobia) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Sciaenidae Sciaenidae Surf 0.1996 Surf v Mid 0.3747 NB v LO 0.0174
(drums) Mid 1.7319 Surf v NB 0.0030
NB 1.3633 Mid v NB 1.0000
Bairdiella chrysoura Surf 0.0288 Surf v Mid 0.5314 Surf v UO 0.0055
(silver perch) Mid 0.0923 Surf v NB 1.0000 UO v LO 0.0047
NB 0.052 Mid v NB 1.0000
Additional 
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Family Fish Taxa Depth Density VS Prob. Prob.
Sciaenidae Cynoscion spp. Surf 0.2805 Surf v Mid <0.0001 Mid v UO <0.0001
(seatrout) Mid 3.2832 Surf v NB <0.0001 Mid v LO <0.0001
NB 4.1911 Mid v NB 0.2800 NB v UO <0.0001
NB v LO <0.0001
Cynoscion arenarius Surf 2.8607 Surf v Mid <0.0001 Surf v UO <0.0001
(sand seatrout) Mid 125.976 Surf v NB <0.0001 Surf v LO <0.0001
NB 22.4209 Mid v NB 1.0000 Mid v LO 0.0234
NB v LO 0.0058
Cynoscion nothus Surf 0.0401 Surf v Mid 0.0665 NB v UO 0.0285
(silver seatrout) Mid 0.1436 Surf v NB <0.0001 NB v LO 0.0092
NB 0.5148 Mid v NB 0.3241
Larimus fasciatus Surf 0.0394 Surf v Mid 0.0006 Surf v UO 0.0004
(banded drum) Mid 0.1407 Surf v NB 1.0000
NB 0.0649 Mid v NB 0.3819
Leiostomus xanthurus Surf 0.231 Surf v Mid 0.0010 Surf v UO <0.0001
(spot croaker) Mid 0.7412 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.2811 Mid v NB 0.2940 Mid v UO <0.0001
NB v UO <0.0001
NB v LO 0.0496
UO v LO <0.0001
Menticirrhus spp. Surf 0.3443 Surf v Mid <0.0001 Mid v UO <0.0001
(kingcroaker) Mid 2.4801 Surf v NB 0.2543 Mid v LO <0.0001
NB 0.5273 Mid v NB <0.0001
Micropogonias undulatus Surf 1.0696 Surf v Mid <0.0001 Surf v UO <0.0001
(Atlantic croaker) Mid 25.7908 Surf v NB <0.0001 Surf v LO <0.0001
NB 37.4229 Mid v NB 0.0172 NB v UO 0.0137
NB v LO 0.0163
Sciaenops ocellatus Surf 17.3481 Surf v Mid 0.0113 Surf v LO 0.0042
(red drum) Mid 59.3986 Surf v NB 1.0000 Mid v LO <0.0001
NB 47.7319 Mid v NB 0.2130 NB v LO 0.0304
Stellifer lanceolatus Surf 0.0297 Surf v Mid <0.0001 Mid v UO <0.0001
(American stardrum) Mid 3.6117 Surf v NB <0.0001 Mid v LO <0.0001
NB 1.568 Mid v NB 1.0000 NB v UO <0.0001
NB v LO <0.0001
Scombridae Scombridae Surf 0.0778 Surf v Mid 0.0774 Surf v UO 0.0213
(mackerels) Mid 0.4851 Surf v NB 1.0000
NB 0.2116 Mid v NB 0.8473
Additional 
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Family Fish Taxa Depth Density VS Prob. Prob.
Scombridae Auxis spp. Surf 0.3305 Surf v Mid 1.0000 Mid v UO 0.0370
(tuna) Mid 0.0916 Surf v NB 0.1289 NB v UO 0.0024
NB 0.02 Mid v NB 1.0000
Euthynnus spp. Surf 0 Surf v Mid 1.0000 Surf v UO 0.0175
(kawakawa/tunny/tuna) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Euthynnus alletteratus Surf 0.1015 Surf v Mid 1.0000 Surf v UO <0.0001
(little tunny) Mid 0.0582 Surf v NB 1.0000 Surf v LO 0.0036
NB 0.045 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO 0.0185
NB v UO <0.0001
NB v LO 0.0111
Scomberomorus cavalla Surf 0.0137 Surf v Mid 1.0000 Surf v UO <0.0001
(king mackerel) Mid 0.0645 Surf v NB 0.0015 Mid v UO 0.0009
NB 0.4909 Mid v NB 0.1228 UO v LO 0.0013
Scomberomorus maculates Surf 1.9911 Surf v Mid <0.0001 Surf v UO 0.0001
(Spanish mackerel) Mid 5.6147 Surf v NB 1.0000 Mid v LO <0.0001
NB 1.3733 Mid v NB <0.0001 UO v LO 0.0019
Thunnus spp. Surf 0.0016 Surf v Mid 1.0000 Surf v UO 0.0009
(tuna) Mid 0 Surf v NB 1.0000 Mid v UO 0.0291
NB 0 Mid v NB 1.0000 NB v UO 0.0361
UO v LO 0.0106
Scorpaenidae Scorpaenidae Surf 0.0022 Surf v Mid 1.0000 Surf v UO <0.0001
(scorpionfishes) Mid 0 Surf v NB 1.0000 Surf v LO <0.0001
NB 0 Mid v NB 1.0000 Mid v UO 0.0008
Mid v LO 0.0008
NB v UO 0.0012
NB v LO 0.0013
Scorpaena spp. Surf 0.0168 Surf v Mid 1.0000 Surf v UO <0.0001
(scorpionfish) Mid 0.0063 Surf v NB 1.0000 Surf v LO 0.0001
NB 0 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO 0.0037
NB v UO <0.0001
NB v LO 0.0017
UO v LO 0.0363
Serranidae Serranidae Surf 0.0584 Surf v Mid 1.0000 Surf v UO <0.0001
(groupers) Mid 0.072 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.059 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Additional 
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Family Fish Taxa Depth Density VS Prob. Prob.
Serranidae Anthias spp. Surf 0.0074 Surf v Mid 1.0000 Surf v UO 0.0297
(basslets) Mid 0.0094 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Centropristis spp. Surf 0.0024 Surf v Mid 1.0000 Surf v UO 0.0049
(seabass) Mid 0 Surf v NB 1.0000 Surf v LO 0.0430
NB 0.0289 Mid v NB 1.0000
Diplectrum spp. Surf 0.003 Surf v Mid 1.0000 Surf v LO 0.0099
(sand perch) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Serranus spp. Surf 0.0134 Surf v Mid 1.0000 Surf v LO 0.0016
(grouper) Mid 0 Surf v NB 1.0000 Mid v LO 0.0104
NB 0 Mid v NB 1.0000 NB v LO 0.0134
Sparidae Archosargus probatocephalus Surf 0.3648 Surf v Mid 0.1624 Surf v LO 0.0130
(sheepshead) Mid 0.0167 Surf v NB 0.1641
NB 0 Mid v NB 1.0000
Lagodon rhomboides Surf 0.3045 Surf v Mid 0.0561 Surf v LO 0.0419
(pinfish) Mid 0.069 Surf v NB 0.0022 Mid v UO 0.0085
NB 0.0219 Mid v NB 1.0000 NB v UO 0.0004
UO v LO 0.0066
Sphyraenidae Sphyraena spp. Surf 0.1074 Surf v Mid 1.0000 Surf v UO <0.0001
(barracuda) Mid 0.0764 Surf v NB 1.0000 Mid v UO <0.0001
NB 0.0911 Mid v NB 1.0000 NB v UO <0.0001
UO v LO <0.0001
Stomiidae Stomias spp. Surf 0.0112 Surf v Mid 1.0000 UO v LO 0.0386
(dragonfish/boafish) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Stromateidae Peprilus burti Surf 0.359 Surf v Mid 0.0008 Surf v UO <0.0001
(gulf butterfish) Mid 0.8283 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.1944 Mid v NB 0.0018 Mid v UO 0.0016
NB v UO <0.0001
NB v LO <0.0001
Peprilus paru Surf 0.1194 Surf v Mid <0.0001 Surf v UO 0.0016
(American harvestfish) Mid 32.4019 Surf v NB 0.0013 Mid v UO 0.0394
NB 0.6869 Mid v NB 0.1486 Mid v LO 0.0011
Peprilus spp. Surf 0.0057 Surf v Mid 1.0000 Surf v UO 0.0276
(butterfish) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Additional 
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Syngnathidae Syngnathus spp. Surf 0.0165 Surf v Mid 1.0000 Surf v UO 0.0003
(pipefish) Mid 0.0326 Surf v NB 1.0000 NB v UO 0.0005
NB 0 Mid v NB 1.0000
Synodontidae Synodontidae Surf 0.0396 Surf v Mid 1.0000 Surf v UO 0.0043
(lizardfishes) Mid 0.0581 Surf v NB 0.4574 Surf v LO <0.0001
NB 0.9848 Mid v NB 1.0000 Mid v LO 0.0470
Synodus spp. Surf 0.0582 Surf v Mid 1.0000 Surf v UO <0.0001
(lizardfish) Mid 0.0059 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.3623 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
UO v LO 0.0048
Tetraodontidae Sphoeroides  spp. Surf 0.0709 Surf v Mid 0.7831 Surf v UO <0.0001
(puffer) Mid 0.0087 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.0362 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO <0.0001
NB v UO <0.0001
NB v LO 0.0002
Triglidae Triglidae Surf 0.0013 Surf v Mid 1.0000 Surf v UO 0.0031
(sea robins) Mid 0 Surf v NB 1.0000
NB 0 Mid v NB 1.0000
Prionotus spp. Surf 0.0583 Surf v Mid 1.0000 Surf v UO <0.0001
(searobin) Mid 0.0545 Surf v NB 1.0000 Surf v LO <0.0001
NB 0.0207 Mid v NB 1.0000 Mid v UO <0.0001
Mid v LO 0.0002
NB v UO <0.0001
NB v LO <0.0001
Additional 
VS of 
Note
Family Decapod Taxa Depth Density VS Prob. Prob.
Portunidae Callinectes spp. Surf 0.3714 Surf v Mid 0.1440 Mid v UO 0.0412
(decapod crab) Mid 0.5816 Surf v NB 0.0005 Mid v LO 0.0438
NB 1.0134 Mid v NB 1.0000 NB v UO 0.0005
NB v LO 0.0006
Callinectes sapidis Surf 97.9460 Surf v Mid 0.6708 Surf v UO <0.0001
(blue crab) Mid 23.0575 Surf v NB 1.0000 Surf v LO <0.0001
NB 25.1321 Mid v NB 1.0000
Callinectes similis Surf 14.1663 Surf v Mid <0.0001 Surf v UO 0.0260
(lesser blue crab) Mid 10.6156 Surf v NB 0.0001 Mid v UO <0.0001
NB 6.5536 Mid v NB 1.0000 Mid v LO <0.0001
NB v UO <0.0001
NB v LO <0.0001
Additional 
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depth. Gobiesox strumosus (skilletfish), Urophycis spp. (hakes), and Mullidae (goat fishes) 
showed surface densities being significant over two depth bins, the near-bottom and either the 
lower-oblique or mid-water tow. Archosargus probatocephalus (sheepshead) densities were only 
significantly greater than the lower oblique tow densities. 
Four taxa still showed affinity towards the surface, but upper oblique tow densities were 
also statistically greater than most or all other depth bins, i.e., Blennidae (blennies), Brevoortia 
patronus (gulf menhaden), Lagodon rhomboides (pinfish), and Mugil cephalus (flathead mullet). 
Both Myctophidae (lanternfish) and Trichiurus lepturus (Atlantic cutlassfish) also showed 
statistical preference for the surface, but densities for both oblique tows were significantly 
greater than all the other horizontal depth bins. Finally, Atherinidae (silversides) had a 
surprisingly weak association with the surface waters. Also, as mentioned previously, in addition 
 
 
 
Family Decapod Taxa Depth Density VS Prob. Prob.
Penaeidae Penaeus spp. Surf 1.0798 Surf v Mid 1.0000
(shrimps) Mid 0.1446 Surf v NB 1.0000
NB 0.1807 Mid v NB 1.0000
Farfantepenaeus aztecus Surf 2.1832 Surf v Mid 1.0000
(brown shrimp) Mid 3.7310 Surf v NB 0.8001
NB 1.3872 Mid v NB 0.2509
Farfantepenaeus duorarum Surf 0.1427 Surf v Mid 1.0000
(pink shrimp) Mid 0.0901 Surf v NB 1.0000
NB 0.2160 Mid v NB 0.7561
Litopenaeus setiferus Surf 1.0065 Surf v Mid 1.0000
(white shrimp) Mid 0.5046 Surf v NB 1.0000
NB 1.2878 Mid v NB 1.0000
Additional 
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Table 2.3: All taxa with corresponding mean density (number of individuals per 100 cubic 
meters of water filtered), standard error, number of collections, and months analyzed. (Code: 
A=Taxa sampled throughout the water column that showed no statistical preference; B=Taxa 
which were sampled exclusively at the surface; C=Taxa which were sampled throughout the 
upper half water column; D=Taxa which were sampled exclusively in the mid-water; E=Taxa 
which were sampled exclusively near-bottom; F=Taxa sampled throughout the lower half water 
column; G=Some statistical difference; OM=Overall mean density for all depths; Surf=Discrete 
surface; Mid=Discrete mid-water; NB=Discrete near-bottom; UO=Upper half water column 
oblique; and LO=Lower half water column oblique).   
 
Fish Taxa Code OM Surf Mid NB UO LO
Scientific Name
Common Name
Months Analyzed
Achirus lineatus 0.065 0.0835 0.1465 0 0.0191 0
lined sole 0.0463 0.0766 0.0755 0 0.0191 0
Jun-Aug 699 417 62 61 82 77
Acropomatidae 0.0058 0.0095 0 0 0 0
lanternbellies/ temp. ocean basses 0.0058 0.0095 0 0 0 0
Dec 207 126 27 24 16 14
Anchoa spp. 9.4327 14.6403 6.394 3.1229 0.0175 0.0179
anchovies 5.02 8.6204 2.7589 1.3435 0.0175 0.0179
Mar-Dec 2180 1267 214 204 251 244
Anchoa hepsetus 0.3361 0.5345 0.1217 0.1678 0.0026 0
broad-striped anchovy 0.1653 0.2847 0.0478 0.1252 0.0026 0
Feb-Dec 2634 1525 250 231 318 310
Anchoa mitchilli 0.775 1.3314 0 0.0343 0.0089 0
bay anchovy 0.7008 1.2104 0 0.0156 0.0089 0
Jan-Dec 2634 1525 250 231 318 310
Anchoa nasuta 0.0122 0 0.1123 0 0 0
shortfinger anchovy 0.0122 0 0.1123 0 0 0
Sep 285 153 31 30 36 35
Anchoviella spp. 0.0129 0.0065 0 0 0.0719 0.0065
anchovies 0.0061 0.0037 0 0 0.048 0.0046
Jun-Feb 2108 1212 210 198 248 240
Anchoviella perfasciata 0.0169 0.0108 0.1073 0 0.0105 0
Poey's anchovy 0.006 0.0065 0.0509 0 0.0105 0
Jan-Sep 1964 1141 169 151 255 248
Anguillidae 0.0089 0 0 0 0.063 0
fresh-water eels 0.0089 0 0 0 0.063 0
Jun 233 144 13 12 33 31
Antennariidae 0.0074 0.0074 0 0.0143 0 0.0159
frog fishes 0.0027 0.0033 0 0.0143 0 0.0113
Aug-Apr 1973 1125 194 189 234 231
Anthias spp. 0.0123 0.0074 0.0094 0 0.0511 0.0083
basslets 0.0044 0.0042 0.0094 0 0.0285 0.0083
Jul-Apr 2219 1272 215 204 267 261
Apogonidae 0.0092 0 0 0 0.0725 0
cardinalfishes 0.0092 0 0 0 0.0725 0
Sep 285 153 31 30 36 35
Archosargus spp. 0.0264 0.0449 0 0 0 0
porgies 0.0264 0.0449 0 0 0 0
Apr 219 129 12 11 33 34
Archosargus probatocephalus 0.2593 0.3648 0.0167 0 0.2921 0.0142
sheepshead 0.052 0.0791 0.0167 0 0.1618 0.0142
Jan-Jul 1459 862 110 87 203 197
Ariomma spp. 0.0769 0.0762 0.0302 0.0094 0.1524 0.0907
butterfishes 0.0117 0.0169 0.0183 0.0094 0.0446 0.0241
Jan-Dec 2634 1525 250 231 318 310
G
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Atherinidae 0.1429 0.2369 0.0073 0 0.0433 0
silversides 0.0564 0.0974 0.0073 0 0.0207 0
Aug-Apr 1916 1108 180 169 233 226
Auxis spp. 0.3369 0.3305 0.0916 0.02 0.3049 0.8352
tuna 0.1046 0.101 0.0483 0.0144 0.0668 0.733
Apr-Jan 2634 1525 250 231 318 310
Auxis thazard 0.035 0 0 0 0.2769 0
frigate tuna 0.035 0 0 0 0.2769 0
Sep 285 153 31 30 36 35
Bairdiella chrysoura 0.0449 0.0288 0.0923 0.052 0.1212 0.0027
silver perch 0.011 0.0129 0.0551 0.0266 0.0461 0.0027
Jan-Dec 2634 1525 250 231 318 310
Balistes spp. 0.0025 0.0043 0 0 0 0
triggerfish 0.0025 0.0043 0 0 0 0
Nov 275 158 24 26 33 34
Balistidae 0.0132 0.0161 0.0186 0 0.02 0
triggerfish 0.0075 0.0125 0.0186 0 0.02 0
Sep-Nov 748 411 85 86 83 83
Bascanicthys  spp. 0.005 0 0 0 0.0394 0
sand-eel 0.005 0 0 0 0.0394 0
Sep 285 153 31 30 36 35
Bascanichthys bascanium   0.0016 0.0027 0 0 0 0
sooty eel 0.0012 0.002 0 0 0 0
Jun-Sep 984 570 93 91 118 112
Bathophilus spp. 0.0048 0.0017 0 0 0.026 0
dragonfish 0.0028 0.0012 0 0 0.0184 0
Jan-Apr 798 462 54 45 119 118
Belonidae 0.0012 0.0022 0 0 0 0
needlefish 0.0009 0.0017 0 0 0 0
Sep-Nov 748 411 85 86 83 83
Blenniidae 2.3825 3.3614 0.9107 0.3546 2.2552 0.3952
blennies 0.7102 1.2246 0.1867 0.1141 0.2183 0.0984
Jan-Dec 2634 1525 250 231 318 310
Bothidae 0.0696 0.0323 0.1983 0.0524 0.0811 0.1508
left-eye flounders 0.012 0.0092 0.0832 0.0233 0.0308 0.0504
Jan-Dec 2634 1525 250 231 318 310
Bothus spp. 0.0187 0.0058 0 0 0.0935 0.0346
left-eye flounders 0.0043 0.0029 0 0 0.0264 0.0192
Jan-Dec 2634 1525 250 231 318 310
Bothus ocellatus 0.0175 0.031 0 0 0 0
left-eye flounder 0.0162 0.0287 0 0 0 0
Jan 236 133 19 12 36 36
Bramidae 0.0025 0 0 0 0.0117 0.0078
sea breams 0.0018 0 0 0 0.0117 0.0078
Apr & Nov 1280 746 105 95 168 166
Bregmaceros spp. 0.2974 0.0266 0.1362 1.622 0.1318 0.942
codlets 0.0931 0.0099 0.0631 0.6342 0.0723 0.6227
Jan-Dec 2634 1525 250 231 318 310
Bregmaceros atlanticus 0.035 0.0112 0.0397 0.0094 0.1075 0.0923
antenna codelt 0.0067 0.0029 0.018 0.0094 0.0298 0.0424
Jan-Dec 2634 1525 250 231 318 310
Bregmaceros cantori 3.234 0.301 0.8978 0.1157 4.1406 20.9407
striped codelt 0.6065 0.262 0.5959 0.0473 0.5515 4.8194
Jan-Dec 2634 1525 250 231 318 310
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Bregmaceros houdei 0.0112 0.0195 0 0 0 0
stellate codlet 0.008 0.0139 0 0 0 0
Feb 218 125 17 15 31 30
Bregmaceros mcclellandii 0.0061 0.0105 0 0 0 0
spotted codlet 0.0043 0.0074 0 0 0 0
Jan-Apr 798 462 54 45 119 118
Bregmacerotidae 0.0095 0 0 0 0.0673 0
codlets 0.0095 0 0 0 0.0673 0
Jun 233 144 13 12 33 31
Brevoortia gunteri 0.329 0.231 0.0324 0.9968 0.6101 0.2517
finescale menhaden 0.0752 0.069 0.0324 0.599 0.1959 0.1952
Oct-Mar 1249 717 123 114 149 146
Brevoortia patronus 19.4031 17.921 14.0732 12.5076 41.5453 13.4174
gulf menhaden 1.3109 1.7919 3.4596 3.9351 4.4805 2.6563
Jan-Dec 2634 1525 250 231 318 310
Brevoortia spp. 0.4199 0.4278 0.6014 1.3844 0.0335 0
menhaden 0.1334 0.1322 0.3372 1.2933 0.0335 0
Oct-Jun 1883 1099 170 152 233 229
Brotula spp. 0.0087 0 0 0 0.0724 0
brotula 0.0087 0 0 0 0.0724 0
Nov 275 158 24 26 33 34
Brotula barbata 0.0474 0.0031 0.0279 0 0.1598 0.2398
Atlantic bearded brotula 0.0137 0.0027 0.0279 0 0.0542 0.112
Jun-Dec 1654 954 174 171 181 174
Callionymidae 0.0015 0.0016 0 0 0 0.0048
dragonets 0.0009 0.0012 0 0 0 0.0048
Apr & Nov 1280 746 105 95 168 166
Callionymus spp. 0.0033 0.0007 0 0 0.0249 0
dragonets 0.003 0.0007 0 0 0.0249 0
Feb & Sep 1409 795 148 137 166 163
Callionymus bairdi 0.0031 0.0057 0 0 0 0
lancer dragonet 0.0031 0.0057 0 0 0 0
Sep 285 153 31 30 36 35
(Callionymus) Diplogrammus pauciradiatus 0.0116 0.0131 0.013 0.0099 0.013 0.003
spotted dragonet 0.0033 0.0046 0.013 0.0099 0.0093 0.003
Sep-Feb 1409 795 148 137 166 163
Carangidae 0.7869 0.6866 3.5086 0.3337 0.2093 0.015
jacks 0.3189 0.1676 3.191 0.1886 0.1382 0.0088
Jan-Dec 2634 1525 250 231 318 310
Caranx spp. 0.1126 0.0792 0 0 0.4333 0.1199
jacks  0.0204 0.0235 0 0 0.1024 0.0705
Feb-Oct 1916 1108 180 169 233 226
Caranx chrysos 0.0152 0.0166 0 0 0.0381 0.0103
blue runner 0.005 0.0072 0 0 0.022 0.0083
Apr-Jan 2291 1325 227 209 268 262
Caranx hippos 0.0028 0.0024 0 0 0 0.0133
crevalle jack 0.002 0.0024 0 0 0 0.0133
Jul-Sep 751 426 80 79 85 81
Caranx latus 0.0049 0 0 0 0.0364 0
horse-eye jack 0.0049 0 0 0 0.0364 0
Jul 246 147 21 15 33 30
Carapidae 0.0069 0.0123 0 0 0 0
pearlfishes 0.0053 0.0093 0 0 0 0
Jan 236 133 19 12 36 36
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Caulophrynidae 0.0062 0.0005 0 0 0.039 0.0066
anglerfishes 0.0023 0.0005 0 0 0.0161 0.0066
Jan-Sep 1964 1141 169 151 255 248
Centriscidae 0.0159 0.016 0 0 0.0082 0.0401
snipefishes 0.0109 0.016 0 0 0.0082 0.0401
Feb & Jul 1223 729 91 75 167 161
Centrobranchus nigroocellatus 0.0019 0.0032 0 0 0 0
roundnose lanternfish 0.0019 0.0032 0 0 0 0
Dec 207 126 27 24 16 14
Centropristis spp. 0.0578 0.0024 0 0.0289 0.2671 0.1378
seabasses 0.0295 0.0024 0 0.0289 0.1993 0.0833
Feb-Jul 1223 729 91 75 167 161
Centropristis striata 0.0076 0 0 0 0.0567 0
black seabass 0.0076 0 0 0 0.0567 0
Jul 246 147 21 15 33 30
Chaetodipterus faber 0.7695 0.1747 5.6436 0.248 0.4027 0.124
Atlantic spadefish 0.3614 0.045 3.458 0.1295 0.1048 0.0774
May-Jan 2072 1196 215 198 235 228
Chaunax spp. 0.0034 0 0 0 0 0.028
sea toads 0.0034 0 0 0 0 0.028
Jul 246 147 21 15 33 30
Chloroscombrus chrysurus 17.328 8.1095 83.9297 16.9541 8.8739 17.9163
Atlantic bumper 4.7885 1.1035 46.8071 7.8445 1.5659 12.5283
Jan-Dec 2634 1525 250 231 318 310
Citharichthys spp. 0.0231 0.0093 0.0652 0.0228 0.0149 0.066
sanddab 0.006 0.0038 0.0333 0.0172 0.0088 0.0353
Jan-Dec 2634 1525 250 231 318 310
Citharichthys gymnorhinus 0.0019 0.0032 0 0 0 0
angelfin whiff 0.0019 0.0032 0 0 0 0
Dec 207 126 27 24 16 14
Citharichthys spilopterus 0.3507 0.0643 0.1031 0.4089 0.728 1.5289
bay whiff 0.0915 0.0144 0.0333 0.2008 0.1106 0.7479
Jan-Dec 2634 1525 250 231 318 310
Clupeidae 1.7493 1.7718 2.317 2.3414 0.6974 1.8183
herrings/shads/menhadens 0.3339 0.4966 0.8502 0.9435 0.306 1.0103
Jan-Dec 2634 1525 250 231 318 310
Congridae 0.0142 0.0014 0 0 0.0939 0.0265
conger eels 0.0066 0.001 0 0 0.0546 0.0215
May-Nov 1629 937 169 162 183 178
Coryphaena spp. 0.0022 0.0018 0 0 0 0.0104
dolphinfish 0.0013 0.0011 0 0 0 0.0104
May-Nov 1629 937 169 162 183 178
Coryphaena equisetis 0.0022 0.0038 0 0 0 0
pompano 0.001 0.0017 0 0 0 0
Apr-Oct 1573 908 157 147 183 178
Coryphaena hippurus 0.004 0 0 0 0.0317 0
common dolphinfish 0.004 0 0 0 0.0317 0
Sep 285 153 31 30 36 35
Coryphaenidae 0.0086 0.0144 0 0 0 0
dolphinfish 0.004 0.0067 0 0 0 0
Apr-Aug 1100 655 96 87 133 129
Cryptopsaras spp. 0.0028 0.0046 0 0 0 0
seadevils 0.0028 0.0046 0 0 0 0
Dec 207 126 27 24 16 14
B
A
G
A
B
C
B
G
F
G
G
B
G
G
A
B
G
C
41 
 
 
 
Table 2.3 Continued: 
 
Fish Taxa Code OM Surf Mid NB UO LO
Cryptosaras couesi 0.0033 0.0058 0 0 0 0
triplewart seadevil 0.0033 0.0058 0 0 0 0
Feb 218 125 17 15 31 30
Cubiceps pauciradiatus 0.021 0.0205 0.0122 0.0237 0.0378 0.0111
longfin fathead 0.0048 0.0066 0.0122 0.0124 0.019 0.0079
 Feb-Dec 2398 1392 231 219 282 274
Cyclopsetta spp. 0.0095 0.0037 0 0 0.0583 0.0067
flounder 0.0044 0.0037 0 0 0.0329 0.0067
 Jun-Nov 1447 828 147 147 165 160
Cyclopsetta chittendeni 0.0053 0.0032 0 0 0.0242 0.0099
Mexican flounder 0.0027 0.0032 0 0 0.0172 0.0099
Jul-Oct 939 526 110 109 99 95
Cyclopsetta fimbriata 0.0174 0 0 0 0.1375 0
spotfin flounder 0.0109 0 0 0 0.0844 0
Sep 285 153 31 30 36 35
Cyclothone spp. 0.0663 0.0808 0.028 0.0043 0.1186 0.0183
bristlemouth 0.0178 0.0276 0.0127 0.0043 0.0628 0.0109
Aug-May 2634 1525 250 231 318 310
Cyclothone braueri 0.0221 0.0225 0.0169 0.0238 0.0452 0
light fish 0.0088 0.0124 0.0169 0.0238 0.0354 0
Nov-Feb 936 542 87 77 116 114
Cynoglossidae 0.0137 0.0096 0 0 0.0407 0.0295
tonguefishes 0.0072 0.0082 0 0 0.0407 0.0228
 Nov-Jun 1848 1066 181 173 216 212
Cynoscion spp. 0.8421 0.2805 3.2832 4.1911 0 0.0039
weakfish 0.169 0.0702 1.2655 1.2418 0 0.0039
 Jan-Dec 2634 1525 250 231 318 310
Cynoscion arenarius 17.495 2.8607 125.9764 22.4209 8.0467 8.0232
sand weakfish 7.343 0.5966 76.9423 4.2026 1.1813 1.4084
 Jan-Dec 2634 1525 250 231 318 310
Cynoscion nebulosus 0.6354 0.8717 0.9061 0.1791 0.1334 0.11
spotted weakfish 0.1884 0.3186 0.3848 0.097 0.0344 0.03
 Feb-Nov 2634 1525 250 231 318 310
Cynoscion nothus 0.1055 0.0401 0.1436 0.5148 0.1068 0.0556
silver seatrout 0.0342 0.0305 0.0664 0.2884 0.0561 0.0242
May-Jan 2072 1196 215 198 235 228
Cypselurus spp. 0.0018 0.0029 0 0 0 0
flyingfish 0.0018 0.0029 0 0 0 0
Jun 233 144 13 12 33 31
Dactylopteridae 0.005 0 0 0 0.0328 0
flying gurnards 0.005 0 0 0 0.0328 0
Jan 236 133 19 12 36 36
Dactylopterus volitans 0.0024 0.0011 0 0 0.0151 0
flying gurnard 0.0019 0.0011 0 0 0.0151 0
May & Sep 1166 679 115 106 136 130
Decapterus  spp. 0.0058 0 0 0 0.0461 0
scad 0.0058 0 0 0 0.0461 0
 Sep 285 153 31 30 36 35
Decapterus punctatus 0.0945 0.1077 0 0 0.2627 0.028
round scad 0.0341 0.0556 0 0 0.1044 0.0162
 May-Nov 1629 937 169 162 183 178
Diaphus  spp. 0.0071 0.0009 0.0758 0 0 0
lanternfish 0.0066 0.0009 0.0758 0 0 0
 Nov 275 158 24 26 33 34
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Diogenichthys atlanticus 0.0445 0.0776 0 0 0 0
longfin lanternfish 0.0288 0.05 0 0 0 0
 Feb 218 125 17 15 31 30
Diplectrum formosum 0.0057 0 0 0 0.0453 0
sand seabass 0.0057 0 0 0 0.0453 0
Sep 285 153 31 30 36 35
Diplectrum spp. 0.0199 0.003 0 0 0.0208 0.131
sand perch 0.0114 0.003 0 0 0.0208 0.0917
May-Jun 415 253 35 27 51 49
Diplospinus multistriatus 0.0182 0.0122 0 0 0.075 0.0241
striped escolar 0.0049 0.0039 0 0 0.0341 0.0172
Aug-Mar 1754 996 182 178 201 197
Elagatis bipinnulata 0.0112 0.0105 0 0.0247 0.0069 0.0181
rainbow runner 0.0038 0.0044 0 0.0247 0.0069 0.0129
Apr-Oct 1573 908 157 147 183 178
Elopidae 0.0012 0.0022 0 0 0 0
ladyfishes 0.0012 0.0022 0 0 0 0
Jan 236 133 19 12 36 36
Elops saurus 0.0094 0 0 0 0 0.068
ladyfish 0.0066 0 0 0 0 0.0473
 Feb 218 125 17 15 31 30
Engraulidae 49.6677 47.7949 108.2289 18.0221 52.3238 32.5098
anchovies 5.2159 6.1457 35.1989 4.9703 6.0978 13.5273
 Jan-Dec 2634 1525 250 231 318 310
Engyophrys senta 0.0367 0.0025 0.0111 0.0189 0.1583 0.1434
American spiny flounder 0.0072 0.0016 0.0111 0.0133 0.0452 0.0443
 May-Dec 1836 1063 196 186 199 192
Ephippididae 0.0106 0.0035 0 0 0.0706 0
batfishes 0.0049 0.0028 0 0 0.0377 0
 Feb-Oct 1916 1108 180 169 233 226
Epinephelus spp. 0.0026 0.0048 0 0 0 0
grouper 0.0026 0.0048 0 0 0 0
Sep 285 153 31 30 36 35
Etropus spp. 0.014 0.017 0.0146 0.0267 0 0
flounder 0.0066 0.0101 0.0146 0.0267 0 0
May-Oct 1354 779 145 136 150 144
Etropus crossotus 1.6463 0.2863 1.5129 1.4984 4.5952 5.5294
fringed flounder 0.1788 0.175 0.448 0.3985 0.5837 0.9417
Jan-Dec 2634 1525 250 231 318 310
Etropus rimosus 0.0063 0 0.0784 0 0 0
gray flounder 0.0063 0 0.0784 0 0 0
Jan 236 133 19 12 36 36
Etrumeus teres 0.8983 0.3317 0.0236 0.0433 2.2466 3.6449
round herring 0.1938 0.2143 0.012 0.0252 0.6258 1.0741
Jan-Dec 2634 1525 250 231 318 310
Eucinostomus spp. 0.001 0.0017 0 0 0 0
mojarra 0.0008 0.0013 0 0 0 0
Apr-Jul 880 529 68 53 117 113
Eucinostomus gula 0.0013 0.0004 0 0 0.0079 0
Jenny mojarra 0.0011 0.0004 0 0 0.0079 0
 Mar & Jul 1005 604 74 60 136 131
Eustomias spp. 0.0071 0.0126 0 0 0 0
lightfish & dragonfish 0.0042 0.0075 0 0 0 0
 Jan 236 133 19 12 36 36
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Euthynnus spp. 0.05 0 0 0 0.4199 0.0227
kawakawa/tunny/tuna 0.0459 0 0 0 0.4052 0.0227
 Jul-Sep 751 426 80 79 85 81
Euthynnus alletteratus 0.1862 0.1015 0.0582 0.045 0.5524 0.4359
little tunny 0.0266 0.0218 0.0277 0.0253 0.1315 0.1411
Jan-Oct 2634 1525 250 231 318 310
Euthynnus pelamis 0.0504 0.0052 0 0.4494 0.0368 0
skipjack tuna 0.0432 0.0032 0 0.4494 0.0261 0
Feb-Oct 1973 1125 194 189 234 231
Exocoetidae 0.0091 0.0127 0 0 0.0147 0
flying fishes 0.0028 0.0043 0 0 0.0107 0
Jan-Dec 2634 1525 250 231 318 310
Exocoetus volitans 0.0042 0.0068 0 0 0 0
tropical two-wing flyingfish 0.0042 0.0068 0 0 0 0
Jun 233 144 13 12 33 31
Fistularia spp. 0.0043 0 0 0 0.0324 0
trumpetfish/cornetfish 0.0043 0 0 0 0.0324 0
 Jul 246 147 21 15 33 30
Fistularia tabacaria 0.0012 0.0021 0 0 0 0
cornet fish 0.0012 0.0021 0 0 0 0
 Apr 219 129 12 11 33 34
Gadidae 0.0138 0.01 0 0 0.0542 0.0108
cod/haddock/whiting/pollock 0.0044 0.005 0 0 0.0246 0.0108
 Oct-Apr 1468 846 135 125 182 180
Gadus spp. 0.0056 0 0 0 0 0.0367
cod/pollock 0.0056 0 0 0 0 0.0367
 Jan 236 133 19 12 36 36
Gempylidae 0.0111 0.0071 0 0 0.0553 0.0026
snake mackerels 0.0028 0.0023 0 0 0.0199 0.0026
Sep-Jun 2634 1525 250 231 318 310
Gempylus spp. 0.0076 0.0133 0 0 0 0
mackerel 0.0076 0.0133 0 0 0 0
Feb 218 125 17 15 31 30
Gerreidae 0.0081 0.0126 0 0 0 0.0063
mojarras 0.0026 0.0043 0 0 0 0.0063
Apr-Jan 2634 1525 250 231 318 310
Gigantactinidae 0.0021 0.0035 0 0 0 0
anglerfishes 0.0021 0.0035 0 0 0 0
May 182 109 22 15 18 18
Gnathanodon spp. 0.0276 0.0447 0 0 0 0
trevally 0.0276 0.0447 0 0 0 0
Jun 233 144 13 12 33 31
Gobiesocidae 0.0051 0.0026 0 0 0.0304 0
clingfishes 0.0023 0.0019 0 0 0.0175 0
 Apr-Oct 1573 908 157 147 183 178
Gobiesox strumosus 0.1202 0.1653 0 0.0095 0.1165 0.0788
skilletfish 0.0283 0.0483 0 0.0095 0.0317 0.024
 Jan-Dec 2427 1399 223 207 302 296
Gobiidae 2.3219 0.7604 0.2768 1.3685 5.7943 8.8014
gobies 0.2486 0.1962 0.0631 0.394 0.6305 1.6751
 Jan-Dec 2634 1525 250 231 318 310
Gobionellus hastatus 0.0042 0.0009 0.0153 0.0148 0.008 0
highfin goby 0.0017 0.0005 0.0108 0.0106 0.008 0
 Jan-Oct 2634 1525 250 231 318 310
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Gonichthys  spp. 0.0035 0.0061 0 0 0 0
lanternfish 0.0035 0.0061 0 0 0 0
Feb 218 125 17 15 31 30
Gonostomatidae 0.2421 0.0936 0 0.0043 1.4308 0.1261
bristlemouths 0.1057 0.0235 0 0.0043 0.8654 0.0368
Jan-Dec 2634 1525 250 231 318 310
Gymnothorax spp. 0.0081 0.0066 0 0 0.029 0.009
moray eels 0.0027 0.0028 0 0 0.0178 0.0064
Apr-Dec 2055 1192 208 197 232 226
Haemulidae 0.0029 0.0017 0.0136 0 0 0.007
grunts and sweetlips 0.0017 0.0017 0.0136 0 0 0.007
Jan-Feb & Jul 1459 862 110 87 203 197
Halieutichthys aculeatus 0.0076 0.0142 0 0 0 0
Pancake batfish 0.0076 0.0142 0 0 0 0
Oct 188 100 30 30 14 14
Harengula jaguana 1.3969 1.6631 0.0104 0 3.5533 0.0937
scaled herring 0.2423 0.3402 0.0104 0 1.1719 0.0366
 Mar-Nov 1973 1141 187 180 235 230
Harengula pensacolae 1.3243 1.821 2.3823 0.3222 0 0.0463
scaled herring 0.2198 0.3208 1.1631 0.1348 0 0.0463
 Apr-Oct 1573 908 157 147 183 178
Hemanthias leptus 0.0134 0.0227 0 0 0 0
longtail bass 0.0134 0.0227 0 0 0 0
 Apr 219 129 12 11 33 34
Hippocampus erectus 0.0026 0.0044 0 0 0 0
lined seahorse 0.0026 0.0044 0 0 0 0
Apr 219 129 12 11 33 34
Hirundichthys spp. 0.0044 0.0073 0 0 0 0
flyingfish 0.0044 0.0073 0 0 0 0
May 182 109 22 15 18 18
Hirundichthys rondeleti 0.0034 0.0056 0 0 0 0
black wing flyingfish 0.0034 0.0056 0 0 0 0
Jun 233 144 13 12 33 31
Histrio histrio 0.0019 0.0032 0 0 0 0
sargassumfish 0.0012 0.0021 0 0 0 0
Feb-Jun 977 582 70 60 134 131
Holocentridae 0.0055 0.0095 0 0 0 0
squirrelfishes and soldierfishes 0.0051 0.0088 0 0 0 0
Jun-Sep 984 570 93 91 118 112
Holocentrus spp. 0.0021 0.0035 0 0 0 0
grouper/squirrelfish 0.0021 0.0035 0 0 0 0
May 182 109 22 15 18 18
Hoplunnis spp. 0.0013 0.0014 0 0.0053 0 0
pink-conger 0.0008 0.001 0 0.0053 0 0
 Jan & Aug 1629 921 176 171 182 179
Hygophum spp. 0.1574 0.0734 0.0656 0 0.7813 0.0613
lanternfish 0.0583 0.0372 0.0356 0 0.4134 0.0419
Nov-Jun 1695 999 140 122 219 215
Hygophum taaningi 0.0071 0 0.0884 0 0 0
Tåning's lanternfish 0.0071 0 0.0884 0 0 0
 Jan 236 133 19 12 36 36
Hypleurochilus spp. 0.0167 0 0 0 0.1176 0
blenny 0.0167 0 0 0 0.1176 0
Jun 233 144 13 12 33 31
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Hyporhamphus unifasciatus 0.0027 0.0028 0 0 0.0091 0
common halfbeak 0.0015 0.0019 0 0 0.0091 0
Jun-Nov 1447 828 147 147 165 160
Hypsoblennius spp. 0.0081 0.0135 0 0 0 0
blenny 0.0059 0.01 0 0 0 0
Mar-Aug 1225 730 102 94 152 147
Hypsoblennius hentzi 0.004 0.0065 0 0 0 0
feather blenny 0.004 0.0065 0 0 0 0
Jun 233 144 13 12 33 31
Istiophorus spp. 0.002 0.0032 0 0 0 0
sailfish 0.002 0.0032 0 0 0 0
Jun 233 144 13 12 33 31
Istiophorus platypterus 0.0019 0.0036 0 0 0 0
Indo-Pacific sailfish 0.0019 0.0036 0 0 0 0
 Sep 285 153 31 30 36 35
Labridae 0.0391 0.0176 0.0292 0.0078 0.1951 0.0147
wrasses 0.0136 0.0067 0.0168 0.0078 0.1053 0.0104
Sep-May 1935 1108 188 170 236 233
Lagodon rhomboids 0.2447 0.3045 0.069 0.0219 0.3919 0.1071
pinfish 0.0327 0.0497 0.0264 0.0165 0.1176 0.0431
 Jan-Dec 2634 1525 250 231 318 310
Lampanyctus spp. 0.1082 0.0864 0 0 0.3467 0.0486
lanternfish 0.0328 0.0302 0 0 0.1799 0.0486
Jan-Mar 579 333 42 34 86 84
Lampridae 0.0032 0 0 0 0 0.0262
opahs 0.0032 0 0 0 0 0.0262
Nov 275 158 24 26 33 34
Larimus fasciatus 0.0678 0.0394 0.1407 0.0649 0.1394 0.0793
banded drum 0.0094 0.0113 0.0381 0.0285 0.0357 0.0235
Jan-Dec 2398 1392 231 219 282 274
Leiostomus xanthurus 0.86 0.231 0.7412 0.2811 4.0088 1.2514
spot croaker 0.1781 0.0635 0.1741 0.0805 1.3366 0.5038
Jan-Dec 2634 1525 250 231 318 310
Lepidopus  spp. 0.0061 0 0 0 0.0397 0
scabbardfish 0.0061 0 0 0 0.0397 0
 Jan 236 133 19 12 36 36
Lepophidium spp. 0.4708 0.026 0.095 0.7605 1.1403 2.0595
cusk-eel 0.1069 0.0069 0.0585 0.5176 0.2797 0.7616
Apr-Jan 2634 1525 250 231 318 310
Lepophidium graellsi 0.0014 0.0023 0 0 0 0
shortbeard cusk-eel 0.0014 0.0023 0 0 0 0
Jul 246 147 21 15 33 30
Lepophidium staurophor 0.0168 0.0143 0 0 0.0367 0.0345
barred cusk-eel 0.0073 0.0105 0 0 0.0204 0.0279
Jan-Dec 2634 1525 250 231 318 310
Leptostomias gladiator 0.0111 0.0035 0 0 0.0639 0
scaleless dragonfish 0.0093 0.0035 0 0 0.0639 0
Feb 218 125 17 15 31 30
Lestidiops  spp. 0.0303 0 0 0 0.1986 0
barracudina 0.0303 0 0 0 0.1986 0
Jan 236 133 19 12 36 36
Lestidiops affinis 0.003 0.0014 0 0.0363 0 0
barracudina 0.0023 0.0014 0 0.0363 0 0
Jan-Feb 454 258 36 27 67 66
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Lestrolepis intermedia 0.0039 0 0 0.0253 0 0
barracudina antifaz 0.0039 0 0 0.0253 0 0
Aug 220 126 28 34 16 16
Liopropoma spp. 0.0192 0.0083 0 0 0.0572 0.0614
basslet 0.0113 0.0083 0 0 0.0572 0.0614
Sep 285 153 31 30 36 35
Liopropoma eukrines 0.0017 0.0029 0 0 0 0
wrasse bass 0.0017 0.0029 0 0 0 0
 Jul 246 147 21 15 33 30
Lophiidae 0.0052 0.0086 0 0 0 0
goosefishes 0.0052 0.0086 0 0 0 0
 May 182 109 22 15 18 18
Lutjanidae 0.016 0.0011 0 0 0.0975 0.0304
snappers 0.0063 0.0008 0 0 0.0476 0.0203
 Jan-Dec 2634 1525 250 231 318 310
Lutjanus spp. 0.1045 0.0592 0.02 0.097 0.2785 0.2224
snapper 0.0224 0.0133 0.02 0.0598 0.0913 0.1442
 Jan-Dec 2634 1525 250 231 318 310
Lutjanus campechanus 0.0085 0.0051 0 0 0.0415 0.0087
red snapper 0.0033 0.0025 0 0 0.0249 0.0087
Jun-Oct 1172 670 123 121 132 126
Macrorhamphosus scolopax 0.1171 0.1004 0 0 0.3192 0.1412
longspine snipefish 0.0237 0.0262 0 0 0.1042 0.0957
Nov-May 1462 855 127 110 186 184
Melamphaes spp. 0.012 0.0089 0 0 0 0.0456
bigscale 0.0079 0.0066 0 0 0 0.0456
Jan 236 133 19 12 36 36
Melamphaes polylepis 0.0022 0.0039 0 0 0 0
melanfido 0.0022 0.0039 0 0 0 0
Feb 218 125 17 15 31 30
Melanostomiidae 0.003 0.0052 0 0 0 0
scaleless dragonfishes 0.0018 0.0031 0 0 0 0
 Jan-Apr 798 462 54 45 119 118
Membras martinica 0.0415 0.0652 0 0 0.0282 0
rough silverside 0.0136 0.023 0 0 0.0162 0
 Apr-Sep 1385 808 127 117 169 164
Menidia spp. 0.0045 0.0076 0 0 0 0
silverside 0.0035 0.0059 0 0 0 0
Mar-Apr 344 204 18 18 52 52
Menticirrhus spp. 0.5378 0.3443 2.4801 0.5273 0.3164 0.1578
kingcroaker 0.0983 0.1088 0.7704 0.1325 0.0624 0.0323
 Jan-Dec 2634 1525 250 231 318 310
Microdesmidae 0.0053 0.0052 0 0 0 0.0191
wormfishes 0.0031 0.0035 0 0 0 0.0191
May & Oct 1650 955 157 140 200 198
Microdesmus spp. 0.1698 0.0941 0.0814 0.057 0.6497 0.2051
wormfish 0.0225 0.0194 0.0452 0.0272 0.1452 0.0524
Jan-Dec 2634 1525 250 231 318 310
Microdesmus lanceolatus 0.065 0.044 0 0.2574 0 0
lancetail wormfish 0.0327 0.044 0 0.131 0 0
Aug 220 126 28 34 16 16
Microdesmus longipinnis 0.0125 0 0 0 0.0882 0
pink wormfish 0.0125 0 0 0 0.0882 0
Jun 233 144 13 12 33 31
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Micropogonias undulatus 8.3628 1.0696 25.7908 37.4229 8.5415 8.3479
Atlantic Croaker 1.2148 0.2138 8.3903 9.3356 2.4269 1.33
Jan-Dec 2634 1525 250 231 318 310
Monacanthus spp. 0.0015 0.0027 0 0 0 0
filefish 0.0011 0.002 0 0 0 0
 Jul-Sep 751 426 80 79 85 81
Monacanthus hispidus 0.0056 0.0097 0 0 0 0
planehead filefish 0.0034 0.0059 0 0 0 0
 Jun-Nov 1447 828 147 147 165 160
Monacanthus setifer 0.0093 0.0162 0 0 0 0
pygmy filefish 0.005 0.0087 0 0 0 0
Sep-Jun 2168 1252 201 182 269 264
Monolene sessilicauda 0.0062 0 0 0 0.0435 0
deepwater flounder 0.0062 0 0 0 0.0435 0
 Feb 218 125 17 15 31 30
Moringuidae 0.0273 0.0011 0 0 0.0691 0.1704
worm/spaghetti eels 0.0113 0.0011 0 0 0.0359 0.0947
May-Jan 2072 1196 215 198 235 228
Mugil spp. 0.3262 0.0057 0 0 1.1668 1.6312
mullet 0.1661 0.0033 0 0 0.5736 1.3308
Jun-Feb 2108 1212 210 198 248 240
Mugil cephalus 0.7706 0.889 0.0658 0.0061 1.7637 0.3077
flathead  mullet 0.2043 0.3394 0.041 0.0061 0.4497 0.0842
Jan-Dec 2634 1525 250 231 318 310
Mugil curema 0.0143 0.0157 0.0288 0 0.0204 0
white mullet 0.0041 0.0057 0.0216 0 0.012 0
Apr-Nov 1848 1066 181 173 216 212
Mugilidae 0.0115 0.0126 0 0 0.0185 0.0183
mullets 0.0048 0.007 0 0 0.0134 0.0183
Apr-Oct 1573 908 157 147 183 178
Mullidae 0.0582 0.0818 0.0106 0 0.082 0
goat fishes 0.0103 0.016 0.0106 0 0.0355 0
 Jan-Dec 2634 1525 250 231 318 310
Muraenidae 0.098 0.0024 0.2176 0 0.3575 0.2784
moray eels 0.0265 0.0011 0.2176 0 0.1049 0.089
Jan-Dec 2634 1525 250 231 318 310
Myctophidae 1.4797 1.0168 0.368 0.1926 5.0352 1.9646
lanternfishes 0.1134 0.1306 0.1093 0.0943 0.5488 0.3676
 Jan-Dec 2634 1525 250 231 318 310
Myctophum spp. 0.0116 0.0015 0 0 0.0293 0.0437
lanternfish 0.0055 0.0015 0 0 0.0206 0.0309
Jan-Mar 579 333 42 34 86 84
Myrophis spp. 0.0124 0.0233 0 0 0 0
worm eel 0.0124 0.0233 0 0 0 0
Oct 188 100 30 30 14 14
Myrophis punctatus 0.1719 0.0983 0.0804 0.1658 0.1686 0.616
speckled worm eel 0.0298 0.0198 0.0236 0.0755 0.0629 0.2153
Jan-Dec 2634 1525 250 231 318 310
Naucrates ductor 0.0016 0.0028 0 0 0 0
pilotfish 0.0016 0.0028 0 0 0 0
Jan 236 133 19 12 36 36
Neoconger mucronatus 0.021 0.0072 0 0.0071 0.0324 0.1247
ridged eel 0.008 0.0043 0 0.0071 0.0229 0.0704
Aug-Nov 968 537 113 120 99 99
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Nesiarchus nasutus 0.0032 0.0056 0 0 0 0
black gemfish 0.0032 0.0056 0 0 0 0
 Jan 236 133 19 12 36 36
Nettastomatidae 0.0155 0.0046 0.0217 0 0.0536 0.0323
duckbill/witch eels 0.0042 0.0019 0.0154 0 0.0262 0.0136
Nov-Jul 1941 1146 161 137 252 245
Nomeidae 0.0096 0.0167 0 0 0 0
driftfishes 0.0042 0.0073 0 0 0 0
 Oct-Apr 1468 846 135 125 182 180
Nomeus gronovii 0.0018 0.003 0 0 0 0
man-of-war fish 0.0013 0.0022 0 0 0 0
 Dec-Jan & Jun 1420 841 116 96 186 181
Notoscopelus resplendens 0.0097 0.0082 0 0.0844 0 0
patchwork lampfish 0.0058 0.0053 0 0.0844 0 0
Jan-Feb 454 258 36 27 67 66
Ogcocephalidae 0.0066 0 0.0359 0 0.028 0
batfishes 0.0047 0 0.0359 0 0.028 0
Nov-Dec 482 284 51 50 49 48
Oligoplites spp. 0.0041 0.0069 0 0 0 0
leatherjack 0.0031 0.0052 0 0 0 0
Jul 246 147 21 15 33 30
Oligoplites saurus 0.2204 0.3741 0 0 0.0062 0.0122
leatherjack 0.0447 0.076 0 0 0.0062 0.0122
Apr-Sep 1385 808 127 117 169 164
Ophichthidae 0.1936 0.0303 0 0.0371 0.5154 0.9392
snake eels 0.0325 0.0087 0 0.0371 0.0917 0.2492
 Jan-Dec 2634 1525 250 231 318 310
Ophichthus spp. 0.0782 0.0106 0 0.0481 0.2839 0.3223
snake eel 0.0186 0.0056 0 0.0384 0.1109 0.1142
 Apr-Dec 2055 1192 208 197 232 226
Ophichthus gomesi 0.057 0.031 0.0131 0.1354 0.114 0.1003
shrimp eel 0.017 0.019 0.0131 0.092 0.0618 0.0444
Jul-Nov 1214 684 134 135 132 129
Ophichthus ophis 0.0134 0 0.1026 0 0 0
spotted snake eel 0.0134 0 0.1026 0 0 0
Dec 207 126 27 24 16 14
Ophidiidae 0.2365 0.0428 0.1594 0.047 1.0769 0.531
cusk eels 0.0653 0.008 0.1063 0.0383 0.5176 0.119
Jan-Dec 2634 1525 250 231 318 310
Ophidion  spp. 0.063 0.0153 0.1961 0.0708 0.1466 0.0997
blenny/cusk eel 0.0111 0.0043 0.0685 0.039 0.0516 0.0405
Feb-Jun & Sep-Nov 1973 1141 187 180 235 230
Ophidion nocomis 0.0056 0 0 0 0.0373 0
letter opener 0.0056 0 0 0 0.0373 0
Apr 219 129 12 11 33 34
Ophidion selenops 0.0116 0.0004 0 0 0.067 0.0356
mooneye cusk eel 0.0038 0.0004 0 0 0.029 0.0162
May-Nov 1629 937 169 162 183 178
Ophioblennius spp. 0.0034 0.0057 0 0 0 0
blenny 0.0018 0.003 0 0 0 0
 Jan & Jun-Jul 1459 862 110 87 203 197
Opisthonema oglinum 10.9557 7.8547 37.2805 18.4867 8.1354 2.2622
Atlantic thread herring 1.7845 2.1489 12.0412 4.9973 2.6651 0.7693
 Jan-Dec 2634 1525 250 231 318 310
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Orthopristis spp. 0.0049 0.0081 0 0 0 0
grunt 0.0049 0.0081 0 0 0 0
 Mar 125 75 6 7 19 18
Orthopristis chrysoptera 0.0913 0.11 0 0.4994 0 0
pigfish 0.037 0.0544 0 0.3398 0 0
 Mar-Apr 344 204 18 18 52 52
Oxyporhamphus micropterus 0.0027 0.0047 0 0 0 0
bigwing halfbeak 0.0016 0.0028 0 0 0 0
Jun-Sep 984 570 93 91 118 112
Paraconger caudilimbatus 0.0077 0 0 0.05 0 0
margintail conger 0.0077 0 0 0.05 0 0
Aug 220 126 28 34 16 16
Paralepididae 0.0233 0.014 0.0047 0 0.1094 0.0137
barracudinas 0.0047 0.0049 0.0047 0 0.0292 0.0079
Sep-Jun 2634 1525 250 231 318 310
Paralichthys  spp. 0.0329 0.0164 0.125 0 0.0411 0.0555
flounder 0.0088 0.0066 0.0752 0 0.0179 0.0242
Jan-Dec 2634 1525 250 231 318 310
Paralichthys lethostigma 0.0472 0 0.3619 0 0 0
southern flounder 0.0388 0 0.2952 0 0 0
Dec 207 126 27 24 16 14
Peprilus alepidotus 0.0433 0.0756 0 0 0 0
harvestfish 0.0294 0.0513 0 0 0 0
Aug 220 126 28 34 16 16
Peprilus burti 0.6811 0.359 0.8283 0.1944 1.7359 1.4272
Gulf butterfish 0.0566 0.047 0.1728 0.0567 0.2772 0.2621
Jan-Dec 2634 1525 250 231 318 310
Peprilus paru 3.4006 0.1194 32.4019 0.6869 0.4856 0.3231
American harvestfish 2.8599 0.03 29.1826 0.2068 0.1175 0.0847
Apr-Nov 1848 1066 181 173 216 212
Peprilus spp. 0.0171 0.0057 0 0 0.1081 0.018
butterfish 0.0103 0.0057 0 0 0.0865 0.018
 Sep-Nov 748 411 85 86 83 83
Photostomias spp. 0.0042 0.0068 0 0 0 0
barbeled dragonfish 0.0042 0.0068 0 0 0 0
Dec 207 126 27 24 16 14
Pleuronectidae 0.0455 0.058 0 0 0.1089 0
right-eye flounders 0.0318 0.05 0 0 0.1089 0
May 182 109 22 15 18 18
Pogonias cromis 0.2736 0.3159 0.2107 0.7326 0.0576 0.0135
black drum 0.0705 0.1029 0.1048 0.4234 0.0326 0.0096
 Sep-Apr 1753 999 166 155 218 215
Pomatomidae 0.0139 0.0228 0 0 0 0.0069
bluefishes 0.0079 0.0138 0 0 0 0.0069
 Sep-Apr 1753 999 166 155 218 215
Pomatomus saltatrix 0.1259 0.1216 0 0 0.4277 0.0211
bluefish 0.0228 0.0266 0 0 0.1336 0.0111
 Sep-Jun 2168 1252 201 182 269 264
Priacanthidae 0.0073 0 0 0 0.0272 0.0238
bigeyes 0.0052 0 0 0 0.0272 0.0238
 Feb-Mar & Sep 343 200 23 22 50 48
Prionotus spp. 0.1197 0.0583 0.0545 0.0207 0.3299 0.3323
searobin 0.0218 0.0292 0.0252 0.0207 0.0726 0.0848
Jan-Dec 2634 1525 250 231 318 310
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Pronotogrammus aureorubens    0.0059 0.0105 0 0 0 0
streamer bass 0.0059 0.0105 0 0 0 0
Jan 236 133 19 12 36 36
Pseudogramma  spp. 0.0054 0 0 0 0.0356 0
podge 0.0054 0 0 0 0.0356 0
Jan 236 133 19 12 36 36
Pseudomyrophis spp. 0.0049 0.0015 0 0 0 0.0398
worm eel 0.0041 0.0015 0 0 0 0.0398
Nov-Dec 482 284 51 50 49 48
Rachycentron canadum 0.0331 0.014 0 0 0.1536 0.027
cobia 0.0154 0.0097 0 0 0.0996 0.027
 Jun-Jul 479 291 34 27 66 61
Rypticus spp. 0.008 0 0 0 0.0567 0
soapfish 0.008 0 0 0 0.0567 0
Jun 233 144 13 12 33 31
Rypticus maculatus 0.0007 0.0012 0 0 0 0
whitespotted soapfish 0.0007 0.0012 0 0 0 0
 Jul 246 147 21 15 33 30
Sarda sarda 0.0083 0 0 0 0.0584 0
Atlantic bonito 0.0083 0 0 0 0.0584 0
 Feb 218 125 17 15 31 30
Sardinella spp. 0.006 0.0084 0 0 0.0096 0
sardinella 0.0026 0.0041 0 0 0.0096 0
Apr-Oct 1573 908 157 147 183 178
Sardinella anchovia 0.0265 0.0462 0 0 0 0
round sardinella 0.0265 0.0462 0 0 0 0
Feb 218 125 17 15 31 30
Scaridae 0.0069 0.0015 0.0576 0 0 0
parrot fishes 0.006 0.0015 0.0576 0 0 0
Dec-Jan 443 259 46 36 52 50
Scartella cristata 0.0033 0.0044 0 0 0 0.0065
molly miller 0.002 0.0032 0 0 0 0.0065
Apr-Nov 1848 1066 181 173 216 212
Sciaenidae 0.4498 0.1996 1.7319 1.3633 0.269 0.151
drums 0.1436 0.0587 1.2749 0.7634 0.1236 0.0832
 Jan-Dec 2634 1525 250 231 318 310
Sciaenops ocellatus 22.3987 17.3481 59.3986 47.7319 5.453 0.5469
red drum 5.183 6.66 22.6764 22.2163 1.7554 0.2954
Aug-Jan 1411 796 159 156 151 149
Scomber spp. 0.016 0 0 0 0.1064 0
mackerel/tuna 0.016 0 0 0 0.1064 0
 Apr 219 129 12 11 33 34
Scomber japonicus 0.0076 0.0101 0 0 0.0146 0
chub mackerel 0.0029 0.0044 0 0 0.0112 0
Sep-Jun 2634 1525 250 231 318 310
Scomberomorus spp. 0.1636 0.2484 0.0305 0.0748 0.0785 0
mackerel 0.1277 0.2187 0.0305 0.0577 0.0561 0
May-Sep 1166 679 115 106 136 130
Scomberomorus cavalla 0.2849 0.0137 0.0645 0.4909 1.8755 0.0638
king mackerel 0.1399 0.0058 0.0481 0.225 1.1799 0.0269
May-Sep 1166 679 115 106 136 130
Scomberomorus maculatus 2.1022 1.9911 5.6147 1.3733 1.6987 0.5878
Spanish mackerel 0.4831 0.7652 1.8406 0.5268 0.2912 0.1463
Mar-Oct 1573 908 157 147 183 178
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Scomberomorus regalis 0.007 0 0 0 0 0.0526
cero 0.007 0 0 0 0 0.0526
Jun 233 144 13 12 33 31
Scombridae 0.1632 0.0778 0.4851 0.2116 0.3505 0.095
mackerels/bonitos/tunas 0.0343 0.0184 0.2621 0.156 0.1226 0.0504
Jan-Dec 2634 1525 250 231 318 310
Scopelarchidae 0.0024 0.0043 0 0 0 0
pearleyes 0.0024 0.0043 0 0 0 0
 Jan 236 133 19 12 36 36
Scopelarchus spp. 0.0094 0 0 0 0 0.068
pearleye 0.0094 0 0 0 0 0.068
 Feb 218 125 17 15 31 30
Scopelosauridae 0.0091 0 0 0 0.0594 0
waryfishes 0.0091 0 0 0 0.0594 0
 Jan 236 133 19 12 36 36
Scorpaena spp. 0.0482 0.0168 0.0063 0 0.2074 0.1092
scorpionfish 0.0088 0.0068 0.0063 0 0.0569 0.0315
 Jan-Dec 2634 1525 250 231 318 310
Scorpaenidae 0.0214 0.0022 0 0 0.0787 0.0908
scorpionfishes 0.0056 0.0011 0 0 0.0285 0.0368
Sep-Jun 2634 1525 250 231 318 310
Selar crumenophthalmus 0.067 0.0652 0.0238 0.0038 0.171 0.0514
bigeye scad 0.0129 0.0163 0.0137 0.0038 0.0678 0.023
 Jan-Dec 2634 1525 250 231 318 310
Selene spp. 0.0523 0.0821 0.05 0 0 0
moonfish 0.0274 0.0472 0.0322 0 0 0
 Apr-Nov 1848 1066 181 173 216 212
Selene setapinnis 0.0031 0 0 0 0.0255 0
Atlantic moonfish 0.0023 0 0 0 0.0192 0
Jun-Sep 984 570 93 91 118 112
Selene vomer 0.0134 0 0 0 0.0875 0.0254
lookdown 0.0059 0 0 0 0.0452 0.0189
Jun-Sep 984 570 93 91 118 112
Seriola spp. 0.0215 0.0286 0 0 0.0412 0
jack/amberjack 0.0072 0.0119 0 0 0.018 0
Jan-Dec 2634 1525 250 231 318 310
Serraniculus pumilio 0.0112 0 0.07 0 0 0
pygmy sea bass 0.0112 0 0.07 0 0 0
 Oct 188 100 30 30 14 14
Serranidae 0.2533 0.0584 0.072 0.059 0.8434 0.898
groupers/sea basses 0.0267 0.0095 0.0281 0.0301 0.1318 0.1642
Jan-Dec 2634 1525 250 231 318 310
Serranus spp. 0.0228 0.0134 0 0 0.041 0.0858
grouper 0.007 0.0076 0 0 0.0261 0.038
 Jan-Dec 2634 1525 250 231 318 310
Soleidae 0.0107 0.0082 0 0 0.0406 0.0053
true soles 0.0033 0.0029 0 0 0.0208 0.0053
 Jan-Sep 1964 1141 169 151 255 248
Sparidae 0.0524 0.0695 0 0 0.0713 0.0306
breams/porgies 0.0115 0.0189 0 0 0.0254 0.0149
 Jan-Dec 2634 1525 250 231 318 310
Sphoeroides  spp. 0.1154 0.0709 0.0087 0.0362 0.3294 0.26
puffer 0.0156 0.0148 0.0087 0.0206 0.0803 0.07
 Jan-Dec 2634 1525 250 231 318 310
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Sphyraena spp. 0.135 0.1074 0.0764 0.0911 0.4093 0.0695
barracuda 0.0188 0.0218 0.0415 0.0429 0.1025 0.0223
Jan-Dec 2634 1525 250 231 318 310
Sphyraena borealis 0.0036 0.006 0 0 0 0
northern sennet 0.0021 0.0036 0 0 0 0
 Mar-Apr 344 204 18 18 52 52
Sphyraena guachancho 0.0043 0.0008 0 0.025 0 0
Guachanche barracuda 0.0039 0.0008 0 0.025 0 0
 Aug 220 126 28 34 16 16
Sphyraenidae 0.0057 0.01 0 0 0 0
barracuda 0.0042 0.0073 0 0 0 0
 Jun-Oct 1172 670 123 121 132 126
Stellifer lanceolatus 0.5295 0.0297 3.6117 1.568 0.2188 0.0475
American stardrum 0.1938 0.0075 1.9653 0.4972 0.1878 0.0207
Apr-Jan 2634 1525 250 231 318 310
Stemonosudis intermedia 0.0022 0.0008 0 0 0 0.0117
baracudilla 0.0018 0.0008 0 0 0 0.0117
 Jan-Apr 798 462 54 45 119 118
Stomias spp. 0.0104 0.0112 0 0 0.0323 0
dragonfish/boafish 0.0027 0.0033 0 0 0.0153 0
 Oct-May 1650 955 157 140 200 198
Stomiidae 0.0062 0.0083 0 0 0 0.0097
barbeled dragonfishes/streaters 0.0027 0.0039 0 0 0 0.0097
Jan-Apr 798 462 54 45 119 118
Stromateidae 0.0063 0.0099 0 0 0.0054 0
butterfishes 0.0046 0.0079 0 0 0.0054 0
 Sep-Apr 1753 999 166 155 218 215
Syacium spp. 0.3259 0.0289 0.0318 0.3943 1.3287 0.9447
flounder 0.0482 0.0086 0.016 0.3351 0.2109 0.2258
 Jan-Dec 2634 1525 250 231 318 310
Syacium gunteri 0.0254 0 0.0102 0.0302 0.1937 0
shoal flounder 0.0196 0 0.0102 0.0302 0.1766 0
Jun-Nov 1654 954 174 171 181 174
Syacium papillosum 0.0039 0.0043 0 0 0.0127 0
dusky flounder 0.0021 0.0026 0 0 0.0127 0
 Jul-Sep 751 426 80 79 85 81
Symphurus spp. 2.3618 0.7243 1.5083 1.3495 8.5061 5.5571
tonguefish 0.2781 0.3499 0.7147 0.8218 1.0215 0.7862
 Jan-Dec 2634 1525 250 231 318 310
Symphurus plagiusa 0.09 0.0092 0 0 0.5293 0.1691
blackcheek tonguefish 0.055 0.0061 0 0 0.4383 0.1037
 Apr-May & Sep 1385 808 127 117 169 164
Syngnathidae 0.0065 0.0051 0 0 0.0197 0.0154
seahorses/pipefishes/sea dragons 0.003 0.0033 0 0 0.0197 0.0114
 Jul-Dec 1421 810 161 159 148 143
Syngnathus spp. 0.027 0.0165 0.0326 0 0.0714 0.0482
pipefish 0.0043 0.0037 0.0205 0 0.0202 0.0175
Jan-Dec 2634 1525 250 231 318 310
Syngnathus louisianae 0.0285 0.0291 0.0122 0 0.0703 0.0203
chain pipefish 0.0082 0.012 0.0122 0 0.0326 0.0144
Apr-Oct 1573 908 157 147 183 178
Syngnathus scovelli 0.001 0.0016 0 0 0 0
Gulf pipefish 0.001 0.0016 0 0 0 0
Jun 233 144 13 12 33 31
B
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Table 2.3 Continued: 
 
Fish Taxa Code OM Surf Mid NB UO LO
Synodontidae 0.1681 0.0396 0.0581 0.9848 0.1739 0.2747
lizardfishes 0.0751 0.0111 0.0268 0.8411 0.0471 0.0914
 Jan-Dec 2634 1525 250 231 318 310
Synodus spp. 0.4616 0.0582 0.0059 0.3623 1.0275 2.3073
lizardfish 0.0988 0.0243 0.0059 0.2183 0.1929 0.7817
Jan-Dec 2634 1525 250 231 318 310
Synodus foetens 0.0075 0.0126 0 0 0 0
inshore lizardfish 0.0075 0.0126 0 0 0 0
May 182 109 22 15 18 18
Tetragonuridae 0.0198 0 0 0 0.139 0
squaretails 0.0198 0 0 0 0.139 0
 Feb 218 125 17 15 31 30
Tetragonurus spp. 0.0035 0.0062 0 0 0 0
squaretail 0.0035 0.0062 0 0 0 0
 Jan 236 133 19 12 36 36
Tetragonurus atlanticus 0.0083 0.0023 0 0 0.0476 0
bigeye squaretail 0.0071 0.0023 0 0 0.0476 0
 Feb-Mar 343 200 23 22 50 48
Tetraodontidae 0.0039 0.0036 0 0 0.013 0
pufferfishes 0.0028 0.0036 0 0 0.013 0
Apr-Jun 634 382 47 38 84 83
Thunnus spp. 0.006 0.0016 0 0 0.04 0
tuna 0.003 0.0008 0 0 0.0236 0
 Feb-Sep 1728 1008 150 139 219 212
Thunnus albacares 0.1286 0.1559 0.0834 0 0.3002 0.0263
yellowfin tuna 0.0435 0.0737 0.0834 0 0.1374 0.0263
 Sep-Oct 473 253 61 60 50 49
Thunnus atlanticus 0.0123 0.0142 0.0104 0 0.0141 0.0103
blackfin tuna 0.0043 0.0064 0.0104 0 0.0141 0.0073
 Jan-May & Sep 1964 1141 169 151 255 248
Thunnus thynnus 0.0162 0.0277 0 0 0 0
northern bluefin tuna 0.0083 0.0142 0 0 0 0
Apr-May & Sep 1385 808 127 117 169 164
Trachinocephalus myops 0.0078 0 0 0.0506 0 0
snakefish 0.0078 0 0 0.0506 0 0
Aug 220 126 28 34 16 16
Trachinotus spp. 0.0033 0.0056 0 0 0 0
pompano 0.0033 0.0056 0 0 0 0
Apr 219 129 12 11 33 34
Trachinotus carolinus 0.0296 0.0494 0 0 0 0
Florida pompano 0.0296 0.0494 0 0 0 0
 May 182 109 22 15 18 18
Trachipterus spp. 0.0029 0.005 0 0 0 0
ribbonfish 0.0029 0.005 0 0 0 0
 Feb 218 125 17 15 31 30
Trachurus spp. 0.0029 0.0051 0 0 0 0
scad 0.0018 0.0031 0 0 0 0
 Jan-Apr 798 462 54 45 119 118
Trachurus lathami 0.0626 0.0276 0.0543 0.0132 0.222 0.1151
rough scad 0.014 0.0141 0.0284 0.0094 0.0822 0.0389
 Sep-Jun 2634 1525 250 231 318 310
Trichiuridae 0.0053 0.0071 0 0 0.0115 0
cutlassfishes 0.0029 0.0045 0 0 0.0115 0
 Jun & Oct-Dec 1654 954 174 171 181 174
C
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Table 2.3 Continued: 
 
Fish Taxa Code OM Surf Mid NB UO LO
Trichiurus lepturus 1.4744 1.9195 0.0624 0.3934 0.8233 1.9382
largehead hairtail 1.0997 1.8912 0.0402 0.1315 0.1375 0.5528
 Jan-Dec 2398 1392 231 219 282 274
Trichopsetta ventralis 0.0378 0.0139 0 0 0.2103 0.0453
sash flounder 0.0119 0.0083 0 0 0.0891 0.027
 Apr-Nov 1848 1066 181 173 216 212
Triglidae 0.0123 0.0013 0 0 0.0521 0.0445
sea robins 0.0059 0.0007 0 0 0.0349 0.0346
 Jan-Dec 2634 1525 250 231 318 310
Trinectes maculates 0.012 0.0009 0 0 0.0104 0.0897
hogchoaker 0.0054 0.0009 0 0 0.0104 0.0457
 Jun-Sep 984 570 93 91 118 112
Uranoscopidae 0.0044 0.0033 0 0 0.0188 0
stargazers 0.0024 0.0027 0 0 0.0137 0
 Nov-Apr 1280 746 105 95 168 166
Urophycis spp. 0.2929 0.4231 0.0328 0 0.2915 0.0419
codling/hake 0.0634 0.1033 0.0233 0 0.1459 0.0221
 Nov-Apr 1280 746 105 95 168 166
Urophycis regia 0.0096 0.0124 0 0 0.0176 0
spotted codling 0.0053 0.0081 0 0 0.0176 0
 Jan-Feb 454 258 36 27 67 66
Verasper variegates 0.002 0.0032 0 0 0 0
spotted halibut 0.002 0.0032 0 0 0 0
Jun 233 144 13 12 33 31
Vinciguerria spp. 0.0354 0.0398 0.0274 0 0.0762 0.0044
lightfish 0.0116 0.0187 0.0202 0 0.0293 0.0044
 Oct-May 1650 955 157 140 200 198
Vinciguerria nimbaria 0.0235 0.0297 0 0 0.0359 0.0108
oceanic lightfish 0.0067 0.0101 0 0 0.0232 0.0076
 Nov-Jun 1695 999 140 122 219 215
Zu cristatus 0.0057 0.0049 0 0 0.0227 0
scalloped ribbonfish 0.0033 0.0028 0 0 0.0227 0
Dec-Feb 661 384 63 51 83 80
Decapod Taxa Code OM Surf Mid NB UO LO
Callinectes spp. 0.4044 0.3715 0.5816 1.0134 0 0
crabs G 0.1593 0.2501 0.2586 0.3703 0 0
 Jan-Dec 2104 1269 250 231 179 175
Callinectes sapidus 66.447 97.946 23.057 25.132 9.5709 12.734
blue crab G 15.553 25.727 3.3061 4.4096 1.3991 3.3512
 Jan-Dec 2104 1269 250 231 179 175
Callinectes similis 12.985 14.166 10.616 6.5536 16.279 12.923
lesser blue crab G 1.0919 1.522 4.3501 1.2372 2.3097 1.8482
 Jan-Dec 2104 1269 250 231 179 175
Penaeus spp. 0.6959 1.0798 0.1446 0.1807 0.0741 0.0162
shrimps A 0.2636 0.4363 0.0461 0.0597 0.0658 0.0096
 Jan-Dec 2104 1269 250 231 179 175
Farfantepenaeus aztecus 2.2488 2.1832 3.731 1.3872 2.3841 1.6062
brown shrimp A 0.2444 0.2153 1.6036 0.3084 0.8133 0.3014
 Jan-Dec 2104 1269 250 231 179 175
Farfantepenaeus duorarum 0.1393 0.1427 0.0901 0.216 0.1634 0.0584
pink shrimp A 0.0206 0.0268 0.0426 0.078 0.0923 0.0231
 Jan-Dec 2104 1269 250 231 179 175
Litopenaeus setiferus 0.8806 1.0065 0.5046 1.2878 0.4818 0.3751
white shrimp A 0.2236 0.3433 0.1949 0.718 0.2009 0.1008
 Jan-Dec 2104 1269 250 231 179 175
C
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to these statistically significant findings, 75 taxa were found distributed exclusively in horizontal 
surface tows only, yet were not statistically analyzed against the other zero values (Table 2.3, 
code B). 
2.3.3 Upper Water Column Orientation 
 The largest statistically tested group of taxa (ܰ = 58) showed a combination of either 
statistical significance in surface and mid-water horizontal tows, or upper water column oblique, 
or a combination of the two groupings. There were 18 taxa whose upper oblique densities were 
significantly greater than other depths, including: Bothus spp. (left-eye flounders), Caranx spp. 
(jacks), Caulophrynidae (fanfins/anglerfishes), Decapterus punctatus (round scad), Ephippididae 
(batfishes), Gempylidae (snake mackerels), Gobiesocidae (clingfishes), Gonostomatidae 
(bristlemouths), Hygophum spp. (lanternfish), Macrorhamphosus scolopax (longspine snipefish), 
Microdesmus spp. (wormfish), Paralepididae (barracudinas), Pomatomus saltatrix (bluefish), 
Scorpaenidae (scorpionfishes), Sphyraena spp. (barracuda), Thunnus spp. (tuna), Trichopsetta 
ventralis (sash flounder), and Syacium spp. (flounder). 
 There were ten taxa that showed a statistically greater difference between the upper water 
column oblique tows and each of the three distinct horizontal tows, i.e., Ariomma spp. (driftfish), 
Brotula barbata (Atlantic bearded brotula), Congridae (conger/garden eels), Diplospinus 
multistriatus (striped escolar), Gadidae (cods/haddocks), Lutjanidae (snapper), Muraenidae 
(moray eels), Selene vomer (lookdown), and Trachurus lathami (rough scad), with only 
Trachurus lathami showing a difference between the lower oblique mean density and any of the 
three horizontal sampling efforts. There were also five taxa that showed upper oblique densities 
to be greater than two of the horizontal depths, and also the lower oblique tows, i.e., Brevoortia 
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gunteri (finescale menhaden), Cyclopsetta spp. (flounder), Labridae (wrasses), Lutjanus spp. 
(snapper), and Scomberomorus cavalla (king mackerel). 
 Of those species which only had one or two significant comparisons involving the upper 
oblique tow, all but three were significant when compared against the surface. There were eleven 
taxa where the only comparison that was significant was the upper oblique densities being 
greater than the surface, i.e., Anchoviella spp. (anchovy), Anthias spp. (basslets), Euthynnus spp. 
(mackerel), Nettastomatidae (duckbill eels), Peprilus spp. (butterfish), Rachycentron canadum 
(cobia), Scombridae (mackerels), Selene setapinnis (Atlantic moonfish), Syacium gunteri (shoal 
flounder), Symphurus plagiusa (blackcheek tonguefish), and Triglidae (searobins). Interestingly, 
only three taxa had upper oblique densities greater than horizontal near-bottom densities, i.e., 
Auxis spp. (tuna), Selar crumenophthalmus (bigeye scad), and Syngnathus spp. (pipefish), but the 
upper oblique was also significantly greater when compared to the mid-water in the case of Auxis 
spp. and surface tow densities in case for pipefish. Finally, Bairdiella chrysoura (silver perch) 
and Stomias spp. (lightfishes/dragonfishes) were similar in that the upper oblique was 
significantly greater than the lower oblique depth bin, but B. chrysoura upper oblique densities 
were also significantly greater than surface densities.     
 An upper water column orientation was also seen when both the surface and mid-water 
exhibited significantly greater densities over other depth bins. Despite some comparisons where 
surface and mid-depth were different against each other, the overall number of comparisons with 
other depths along with these taxa generally having higher overall mean densities in the surface, 
mid-depth, and upper oblique tows led to their overall upper water column orientation, i.e., 
Anchoa spp. (anchovy), Carangidae (jacks/pompanos), Engraulidae (anchovies), Harengula 
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pensacolae (scaled sardine), Scomberomorus maculatus (Spanish mackerel), and to a lesser 
extent Sciaenops ocellatus (red drum). Finally, three taxa showed an affinity for not only the 
upper water column, but also for the mid-depth, i.e., Larimus fasciatus (banded drum), 
Leiostomus xanthurus (spot), and  Ophidion spp. (cusk eels).  
2.3.4 Mid-Depth Oriented 
 Sixteen taxa showed statistically greater densities within the mid-water depth bin. In 
particular, nine taxa showed significant comparisons among depth bins with the mid-depth 
having the highest density. With both Anchoviella perfasciata (Poey’s anchovy) and 
Menticirrhus spp. (kingcroakers), the mid-depth was significantly greater in all possible 
comparisons including both upper and lower oblique tows. With Chaetodipterus faber (Atlantic 
spadefish), Etropus rimosus (gray flounder), and Hygophum taaningi (lanternfish), the mid-depth 
comparisons were still highly significant. Mid-depth dominance was weaker for Brevoortia spp. 
(menhaden), Citharichthys spp. (lefteye flounders), Paralichthys lethostigma (southern 
flounder), and Paralichthys spp. (flounders).  
The final seven taxa within this mid-depth category had as a common trait a somewhat 
mixed signal of not only statistically greater densities at mid-depth, but since the upper and lower 
water column half oblique tows overlapped coverage at mid-depth, they often had greater 
densities as well. Cynoscion arenarius (sand weakfish), Opisthonema oglinum (Atlantic thread 
herring), and Peprilus paru (American harvestfish) also showed statistically higher densities in 
the near-bottom tows, while Bothidae (lefteye flounders), Chloroscombrus chrysurus (Atlantic 
bumper), Peprilus burti (Gulf butterfish), and Symphurus spp. (tonguefish) showed statistically 
greater densities in lower oblique tows. As mentioned previously, in addition to these statistically 
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significant findings, three taxa were found distributed exclusively in horizontal mid-depth tows 
only, yet were not statistically analyzed against the other zero values (Table 2.3, code D), i.e., 
Anchoa nasuta (shortfinger anchovy), Ophichthus ophis (spotted snake eel), and Serriculus 
pumilio (pygmy sea bass). 
2.3.5 Lower Water Column Orientation 
 Those taxa determined to have a preference for the lower portion of the water column 
(ܰ = 12) exhibited statistically greater densities for the lower oblique or combinations of results 
involving lower oblique, mid-depth, and near-bottom suggesting a preference for the lower half 
of the water column. Four of these taxa showed significantly higher lower oblique densities than 
all other depth bins, i.e., Bregmaceros cantori (striped codelt), Myrophis punctatus (speckled 
worm eel), Synodus spp. (lizardfish), and Trinectes maculatus (hogchocker). The remaining eight 
taxa showed statistical combinations suggesting the dominance of the mid to lower half of the 
water column, i.e., Cynoscion spp. (trout/weakfish), Diplectrum spp. (sand perch), Elops saurus 
(ladyfish), Micropogonias undulatus (Atlantic croaker), Neoconger mucronatus (ridged eel), 
Serranus spp. (bass), Stellifer lanceolatus (American stardrum), and Synodontidae (lizardfishes). 
2.3.6 Near-Bottom Oriented 
 Six taxa showed only statistically greater densities with the near-bottom horizontal tows. 
Of these, Bregmaceros spp. (codlets) and Lestidiops affinis (barracudina) showed statistical 
significance in every comparison with any other depth-bin. The other four taxa had statistically 
greater near-bottom densities over at least one depth bin, i.e., Cynoscion nothus (silver seatrout), 
Microdesmus lanceolatus (lancetail wormfish), Orthopristis chrysoptera (pigfish), and 
Sciaendiae (drums). As mentioned previously, in addition to these statistically significant 
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findings, three taxa were found distributed exclusively in horizontal near-bottom tows only, yet 
were not statistically analyzed against the other zero values (Table 2.3, code E), i.e., Lestrolepis 
intermedia (barracudina antifaz), Paraconger caudilimbatus (margintail conger), and 
Trachinocephalus myops (snakefish). 
2.3.7 Oblique Distribution 
 There were 21 taxa which displayed statistically greater densities for both the lower and 
upper oblique tows. Seventeen of these taxa had significantly greater densities for both oblique 
tows versus the three horizontal depth bins, i.e., Citharichthys spilopterus (bay whiff), 
Engyophrys senta (American spiny flounder), Etropus crossotus (fringed flounder), Etrumeus 
teres (round herring), Euthynnus alletteratus (little tunny), Gobiidae (gobies), Mugil spp. 
(mullet), Muraenidae (moray eels), Lepophidium spp. (cusk eels), Ophichthidae (snake eels), 
Ophichthus spp. (snake eels), Ophidiidae (cusk eels), Prionotus spp. (searobin), Scorpaena spp. 
(scorpionfish), Scorpaenidae (scorpionfishes), Serranidae (groupers), and Sphoeroides spp. 
(puffer fishes). The statistical dominance of lower and upper oblique densities versus other depth 
bins decreased with Bregmaceros atlanticus (antenna codlet) and Ophidion selenops (mooneye 
cusk-eel), but especially for Centropristis spp. (sea basses/grouper) and Lutjanus campechanus 
(red snapper).  
2.3.8 Commercially-Important Decapod Crustaceans 
 Of the seven, commercially-important decapod taxa analyzed, the three Callinectes 
species had statistical differences by depth after Bonferroni adjustment, while penaeids appeared 
to be more ubiquitously distributed throughout the water column (Table 2.2). Callinectes spp. 
(crab) appeared to prefer the lower portion of the water column, based on significantly greater 
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densities associated with both the mid-water and near-bottom horizontal depth bins. Both 
Callinectes sapidis (blue crab) and Callinectes similis (lesser blue crab), however, generally had 
densities associated with the upper portion of the water column. 
2.3.9 Day/Night Ratios 
 Only a few taxa (ܰ = 19) were effectively sampled within the LOOP program during 
both day and night. Approximately half of the ichthyoplankton and commercially-important 
decapod taxa with adequate coverage were seen to have fairly low day/night ratios, i.e., less than 
one, in surface related collections (Table 2.4). Such surface catch ratios indicate either visual 
gear avoidance during daylight hours or diel vertical migration. In general, the noticeable lack of 
sampling in the near-bottom depth bin made distinguishing between these two possible 
explanations of behavior difficult. Those taxa, which had day/night ratios greater than one, are 
most probably highly visual predators, which is likely the case for the carangid Oligoplites 
saurus (leatherjacket) and the scombrid Scomberomorus maculates (Spanish mackerel). Both C. 
similes and F. setiferus were also found to have day/night ratios greater than one, possibly 
denoting reverse vertical migration.  
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Table 2.4: Day/night density ratios for ichthyoplankton and commercially-important decapods 
from all types of surface collections, and the near-bottom bongo net collections. 
 
 
 
2.4 Discussion 
 The largest majority of statistically significant fish taxa were associated with the surface 
and upper half of the water column. Moreover, the single largest grouping of fish taxa (ܰ = 75) 
not statistically analyzed were found exclusively in surface waters during horizontal tows. When 
expanded to include the upper half of the water column 40% of all fish taxa collected were found 
to have significantly higher densities in these upper waters, consistent with previous studies on 
the northern GOM shelf (Richards et al. 1993; Lindo-Atichati et al., 2012). Two of the three 
Fish Taxa D/N Density Ratio
Achirus lineatus 0.0001
Blenniidae 0.2297
Chloroscombrus chrysurus 0.3447
Cynoscion arenarius 0.1035
Cynoscion nebulosus 0.0304
Engraulidae 0.0169
Gobiidae 0.0305
Harengula jaguana 0.0331
Menticirrhus spp. 0.1733
Microdesmus spp. 0.0105
Mugil curema 0.0098
Oligoplites saurus 0.0109
Opisthonema oglinum 0.1633
Scomberomorus maculatus 0.1475
Serranidae 0.0283
Symphurus spp. 2.1964
Decapod Taxa D/N Density Ratio
Callinectes sapidis 1.4196
Callinectes similis 0.4341
Farfantepenaeus aztecus 1.0729
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statistically significant decapod taxa were also found in the upper water column, and the 
Callinectes congenerics are typically found in the upper portion of the water column during their 
planktonic stages (Rabalais et al., 1995; Heck et al., 2001).  
The smallest number of taxa were found to be associated with the mid-depth, near-
bottom, or lower half of the water column and comprised approximately 4% of all taxa collected 
and identified (i.e., both fish and decapods). The species richness of zoo-/ichthyoplankton 
normally found in these lower depths has been reported to be low along the GOM shelf (Rabalais 
et al., 2001; Lindo-Atichati et al., 2012). The high degree of estuarine-dependent, offshore-
spawned larvae that need to be transported to estuarine nursery grounds in the coastal waters of 
the GOM (Chambers, 1992; Mann, 2000) suggests that being in the lower portion of the water 
column may not be a beneficial transport and survival behavior (Able, 2005; Hare and Govoni, 
2005; Glass et al., 2008; Vinagre et al., 2009). 
There were 59 taxa, composed of 55 fish taxa and 4 decapod taxa that were found to be 
distributed throughout the entire water column, with no statistical preference for depth. This may 
not be as surprising as it first appears given the high degree of temporal and spatial variability in 
water column stability exhibited on the inner continental shelf of the northcentral GOM 
(Carassou et al., 2012). The inner shelf is extremely responsive to forcing by wind-driven 
vertical mixing (Swenson and Chuang, 1983; Perez et al., 2000; Walker and Hammack, 2000) 
and is also heavily influenced by riverine inputs associated with both the Mississippi River and 
Atchafalaya River plumes (Alexander et al., 2000; Carassou et al., 2012). Also, shelf 
ichthyoplankton and zooplankton communities are often characterized by high temporal and 
spatial variability and patchiness (Shaw et al. 1988; Leffler and Shaw 1992; Comyns et al. 2003). 
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The lack of nocturnal plankton collections in general, and at near-bottom in particular, 
made it difficult to illuminate diel vertically migrating taxa or to interpret our taxa groupings 
with respect to D/N ratios. The low D/N ratios probably reflect reactionary movements, i.e., a 
function of daytime gear avoidance in surface waters or  a possible attempt to reduce exposure to 
mortality from visual predators (Pearre, 1979). The second type of movement, as suggested by 
day/night ratios greater than one, may indicate reverse vertical migration. This movement pattern 
usually occurs in taxa that are strong visual predators, or are photopositive, or in the general 
absence of extensive fish predation dependent upon adequate light fields. 
2.5 Conclusions 
The importance of a high percentage of zoo-/ichthyoplankton having an affinity for 
surface waters on the continental shelf is even more relevant when considering the potential that 
oil and gas industry environmental impacts, either authorized or accidental, may have within the 
upper water column. With authorized or licensed actions such as the use of ambient seawater 
associated with the normal activities of offshore oil and gas production or possible activities 
associated with proposed offshore LNG facilities needing to utilize large quantities of warm 
surface water for regasification, entrainment of surface or upper water column-oriented zoo-
/ichthyoplankton could become a significant source of mortality. Accidental industrial effects, 
like those of the Deepwater Horizon oil spill (2010) and other events, e.g., Taylor Energy Wells 
Platform 23051 oil spill/leak (ongoing since 1994) and the gas blowout at the Hercules 265 Rig 
(2013), could represent significant additional mortality effects on early life history stages already 
experiencing up to 99% natural mortality (Hjort 1914; Hjort, 1926; Cushing, 1975; Houde, 1987; 
Cowan et al., 1996).  
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Further work should focus on more discrete depth resolution across shelf and into the 
deep GOM to more precisely delineate the vertical biological structure of the water column. 
Such detailed empirical data would allow for a more complete modeling of the structure of zoo-
/ichthyoplankton in both the vertical and horizontal, to better predict vertical distributions and 
subsequent vulnerabilities to potential environmental impacts. 
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CHAPTER 3. EFFECT OF WINTER ATMOSPHERIC COLD FRONT PASSAGES ON 
DENSITIES OF ICTHYOPLANKTON AND POST-LARVAL PENAEIDS IN A 
LOUISIANA TIDAL PASS 
 
 
One source of the temporal heterogeneity in estuarine recruitment and  
retention of offshore-spawned, estuarine-dependent ichthyoplankton in  
the northcentral Gulf of Mexico is the passage of atmospheric cold fronts.  
These energetic weather events are characterized by strong southerly and 
northerly winds, which are in alignment with the predominantly north/ 
south oriented estuaries, and have been shown to temporarily override 
astronomical tides. Tidal pass densities of larval Brevoortia patronus, 
Micropogonias undulatus, Pogonias cromis, Anchoa hepsetus, A. mitchilli, 
Sciaenops ocellatus, Cynoscion arenarius, C. nebulosus, Paralichthys 
lethostigma, and the post-larval penaid Farfantepenaeus aztecus,  
collected in Bayou Tartellan, Louisiana, were calculated for October  
through April 2006-2007 and September through April 2007-2008, the  
time period of highest cold front occurrence. Surface and near-bottom  
samples were collected every four hours during flood and ebb tides over  
72 hour periods, twice monthly. A Generalized Additive Model (GAM)  
was used to investigate the effect of net water transport resulting from 
astronomical and meteorological forcing on larval densities in the tidal  
pass, allowing for the non-linear response expected by the temporal  
heterogeneity.  Results indicate that estuarine ichthyoplankton densities  
had a strong correlation to these winter frontal events, with high flood  
densities associated with southerly winds and coastal setup during the  
pre-frontal phase and up until passage of the fronts during westerly  
winds, producing favorable recruitment and retention conditions. Elevated  
larval densities on ebb tides were associated with northwesterly to northerly 
winds indicating that cold fronts can negatively impact estuarine retention.  
 
3.1 Introduction 
Assemblages of zooplankton and ichthyoplankton (zoo-/ichthyoplankton) in Louisiana estuaries 
are variable across spatial and temporal scales (Mazzotti et al., 2008; Reyier et al., 2008). In 
addition, the early life history stages of zoo-/ichthyoplankton have limited ability to move 
horizontally in the water column. Therefore, their distribution and transport is structured by a 
combination of oceanographic wind-driven currents and astronomical tides which can exert 
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strong effects on recruitment success (Joyeux, 1999; Brown et al., 2004; Roegner et al., 2007; 
Lara-Lopez and Neira, 2008). The recruitment of estuarine-dependent larvae spawned offshore 
may rely even more heavily on these physical factors, since they require a transport mechanism 
for their larvae to reach the estuary (Shaw et al., 1988; Raynie and Shaw, 1994; Cowen et al., 
2000; Hines et al., 2008). Along the northern coast of the Gulf of Mexico, periodic winter storm 
events, i.e., atmospheric cold front passages, can be particularly important, since they have been 
shown to override the effects of astronomical tides (Reyes et al., 2002; Stone et al., 2004; Li et 
al., 2011). Therefore, the timing and densities of larvae being transported through a tidal pass at 
any given moment may be controlled by a varying combination of oceanographic flows, 
astronomical tides, and meteorological forces (Joyeux, 1999; Brown et al., 2004; Comyns and 
Lyczkowski-Shultz, 2004; Johnson et al., 2009).  
Although many species in the Gulf of Mexico (GOM) spawn offshore during the winter 
months, there are several fisheries species which spawn on the inner continental shelf or near the 
mouths of estuaries, which utilize estuaries as nursery habitat for larval, postlarval and juvenile 
life history stages (Able, 2005; Hare and Govoni, 2005; Glass et al., 2008; Vinagre et al., 2009). 
Estuaries are thought to be important to these vulnerable life stages because they may provide 
increased food resources, reduced numbers of predator species, or complex habitat structure 
which can reduce exposure to predation (Nordlie, 2003; Sheaves, 2005). Several zoo-
/ichthyoplankton species utilize estuaries in this manner, and their distributions may provide 
valuable insights into these physical factors that can facilitate successful estuarine recruitment. 
For example, Brevoortia patronus (gulf menhaden) and Micropogonias undulates (Atlantic 
croaker) are found in high numbers in tidal passes during many winter months (Ditty et al., 1988; 
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Deegan, 1990; Barbieri et al., 1994; Nixon and Jones, 1997; Hare and Able, 2007; Vaughan et 
al., 2007; Schaffler et al., 2009; Taylor et al., 2009; Hernandez et al., 2010). Other species which 
have more truncated spawning seasons, such as Sciaenops ocellatus (red drum) or Pogonias 
cromis (black drum), may only comprise a portion of the ichthyoplankton community in a tidal 
pass during certain specific months (Nieland and Wilson, 1993; Saucier and Baltz, 1993; Wilson 
and Nieland, 1994; Holt, 2008; Arnott et al., 2010; Ojanguren and Fuiman, 2010).  Still other 
species, such as Farfantepenaeus aztecus (brown shrimp) and Cynoscion arenarius (sand 
seatrout), may become predominant members of the zooplankton assemblage while displaying a 
bimodal recruitment peak from late fall through early spring (Zein-Eldin and Renaud, 1986; 
Ditty et al., 1988; Minello et al., 1989; Rogers et al., 1993). Some species have minimal 
recruitment potential during the winter with increasing densities during spring, which builds 
towards more dominant summer recruitment, such as Cynoscion nebulosus, spotted seatrout 
(Moffett et al., 1979; Holt et al., 1985; Saucier et al., 1992). Still other species, for example, 
Paralichthys lethostigma (southern flounder) seem to have variable estuarine recruitment 
associated with a protracted spawning season from late fall through February (Warlen and Burke, 
1990; Miller et al., 1991). Finally there are estuarine residents which are fairly constant members 
of ichthyoplankton assemblages, such as the congenerics Anchoa hepsetus (broad-striped 
anchovy) and Anchoa mitchilli (bay anchovy), which traditionally start spawning in spring, peak 
during the summer, and then taper off during late summer or early fall (Ruple, 1984; Castro and 
Cowen, 1991; Lapolla, 2001; Fahay, 2007). 
Since a commonly held premise is that offshore spawning species rely upon favorable 
currents or circulation patterns to transport larvae to estuarine nursery grounds (Norcross and 
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Shaw, 1984; Shaw et al., 1985; Cowen et al., 2000; Bailey et al., 2008; Brochier et al., 2008; 
Bolle et al., 2009), their successful estuarine recruitment should be intimately coupled to 
favorable, on-shore oceanographic transport patterns including astronomical and meteorological 
forcing (Joyeux, 1998; Joyeux, 1999; Brown et al., 2004). Estuaries along the northern GOM, 
and in particular Louisiana, typically have a microtidal range associated with a prevailing diurnal 
tidal regime. Tidal ranges for these estuaries are on the order of tens of centimeters (̅ݔ = 32	ܿ݉), 
and do not represent a very strong pulsing force for water movement into and out of an estuary 
(Smith, 1977; Moeller et al., 1993; Cahoon and Reed, 1995; Wang, 1997). However, those areas 
west of 91°W have shown relatively high semidiurnal tides (Feng, 2009).  Advective currents 
and flows on the inner continental shelf, such as Ekman transport, have been shown to be 
important factors in estuarine recruitment (Lee et al., 1992; Govoni and Pietrafesa, 1994; Myers, 
1998). In addition, as mentioned earlier, winter frontal events have been shown to cause extreme 
changes in water depth in Louisiana estuaries, with volume transport up to six times greater than 
the average normal tidal flux, and water level variation ranging 1.2 m or more (Swenson and 
Chuang, 1983; Chesney et al., 2000; Perez and Day, 2000; Walker and Hammack, 2000). As a 
result, meteorological forces, which have the ability to override the astronomical tidal cycle, may 
at times become dominant factors in water and zooplankton transport.  Determining the relative 
contributions of these forces is important to understanding the transport mechanisms responsible 
for successful estuarine recruitment of these offshore-spawned species with complex life cycles 
(Roughgarden et al., 1988; Fogarty el al., 1991; Brown et al., 2000; Costa et al., 2002; Reese et 
al., 2008). 
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Zoo-/ichthyoplankton estuarine recruitment along the northern GOM, despite being well 
studied, is often attributed to a variety of forces (Rooker et al., 1998; Joyeux, 1999; Brown et al., 
2004; Comyns and Lyczkowski-Shultz, 2004). This difficulty in determining the operative 
recruitment forces for winter-spawning species in the northern GOM may have more to do with 
the difficulties associated with trying to sample estuarine recruitment associated with periodic 
meteorological events operating on different temporal, spatial and strength/duration scales, than 
our inability to demonstrate significant transport events linked to local astronomical tides and/or 
vertical migration (Joyeux, 1999; Brown et al., 2004; Roegner et al., 2007; Lara-Lopez and 
Neira, 2008). Despite their variable periodicity, winter storm events are seasonally regular with 
approximately 40 cold fronts per year occurring across the northern GOM from October through 
April (Moeller et al., 1993). Although the actual passage of individual frontal events may last 
only 12 to 24 hours, the prevailing northwesterly to northeasterly winds of the postfrontal phase 
may remain for several days (Roberts et al., 1987). The type of frontal event further determines 
the extent of the spatial effect on Louisiana coastal estuaries. For example, arctic surges, which 
tend to come down the Mississippi River valley, have a weak prefrontal phase with strong 
northeasterly winds dominant after frontal passage simultaneously effecting larger areas due to 
the orientation of the front to the coastline (Roberts et al., 1987; Pepper and Stone, 2004). While 
migrating cyclones, which tend to migrate from the northwest to the southeast, initially have 
strong southernly prefrontal winds associated with strong northwesternly winds after front 
passage (Roberts et al., 1987; Moeller et al., 1993; Pepper and Stone, 2004). With estuarine 
recruitment transit times reported as being 40 to 73 days for species such as Brevoortia patronus, 
the effect of these variable (in strength, duration, time and space) and periodic frontal events may 
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strongly influence the number of larvae that can successfully recruit to the estuary (Shaw et al., 
1988). 
Other than the Mississippi, Atchaflaya, and Mobile river systems, most estuaries and 
coastal embayments along the northern GOM do not have much freshwater input or haline 
stratification. These coastal water bodies are generally north-south trending and are relatively 
shallow. All of these characteristics make them very responsive to wind forcing and helps further 
explain why they are also well mixed and turbid (Holt et al., 1985; Lyczkowski-Shultz et al., 
1990; Bianchi et al., 1997; Chesney et al., 2000; Lipp et al., 2001; Brown et al., 2004).  These 
characteristics are especially relevant during high-energy, winter storm events with their 
prevailing wind conditions being primarily from the southern and northern quadrants, which 
strengthens their influence on net water transport (defined as the effective water movement 
into or out of an estuary after filtering the diurnal tidal cycle effects from measured velocities 
and calculated volume estimates) within these estuaries (Lee et al., 1990; Wang, 1997; Wiseman 
et al., 1998; Reyes et al., 2002; Swenson, 2003; Stone et al., 2004; Li et al., 2011).  These 
northern GOM characteristics are in contrast to the deep, drowned-river-valley, estuarine 
systems along the Canadian-U.S. Atlantic coast, where large tidal ranges, large riverine inputs, 
and stratified two-layered flow usually dominate over wind-dominated transport (Henri et al., 
1985; Epifanio, 1995; Wong and Munchow, 1995; Werner et al., 1999). Selective tidal stream 
transport (STST) involving vertical migration of larval fish linked to astronomical tidal flows has 
been shown to be the more prevalent recruitment and retention mechanism for offshore-spawned, 
estuarine-dependent ichthyoplankton in these Atlantic estuaries (Brewer and Kleppel, 1986; 
Rogers and Herke, 1987; Selden Burke et al., 1995; Cowen et al., 2000; Hare and Govoni, 2005). 
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Therefore, in the northern GOM, the geomorphic and hydrologic structure of the estuary may 
facilitate the role that atmospheric cold front passages play in effecting the densities of zoo-
/ichthyoplankton within estuaries and their potential recruitment success (Rogers et al., 1993; 
Parker et al., 1995; Wood, 2000).  
The objective of this study is the evaluation of the relative contribution of these high-
energy, atmospheric cold front passages and astronomical tides to the successful estuarine 
recruitment of winter-spawned, estuarine-dependent fisheries species in a Louisiana estuary. 
 
Figure 3.1: Map of the study location in relation to the Gulf of Mexico and coastal Louisiana. 
The points in black represent the sampling location, with the final panel being the sampling 
location from an aerial photograph of Bayou Tartellan. The X in the last panel marks the location 
of an extended dock used as a sampling platform and later destroyed by Hurricane Gustav. 
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3.2 Materials and Methods 
3.2.1 Sampling Location 
Zoo-/ichthyoplankton sampling was conducted in Bayou Tartellan, near the Port of 
Fourchon, Fourchon, Louisiana (Figure 3.1). Bayou Tartellan and Bayou LaFourche are the first 
major inland channel bifurcations from the connection with the Gulf of Mexico at Belle Pass 
(29° 5’ 53.9” N, 90° 13’ 17.8” W). The area represents a well-mixed tidal pass (i.e., little 
temperature, salinity or dissolved oxygen stratification) having high turbidity, and a relatively 
small drainage basin contributing a low volume of freshwater input.  The sampling site (29° 6’ 
49” N, 90° 11’ 4” W) consisted of a single location where passive plankton net sampling was 
conducted in approximately 10 meters of water from a dock extending 12 feet from the northern 
bank into a 72 meter wide tidal pass.  
3.2.2 Field Sampling Methodology 
 Zooplankton sampling was conducted using a fixed davit at the end of the dock, which 
suspended a stainless steel cable from above the sampling deck to the channel bottom. Passive 
plankton samples were taken using a 60-cm ring net (333 µm mesh, 2 meter length, dyed dark 
green) attached to a gimbal with a vane for orientation into the current. A plastic vinyl coated 
cod-end with 333 µm mesh drainage ports was attached to the end of the net to facilitate sample 
collection. A General Oceanics flowmeter (model no. 2030 with slow velocity rotor) was 
positioned just off center of the ring to determine volume of water filtered and subsequent 
calculation of zoo-/ichthyoplankton densities (number of organisms / 15 m3 of water). 
 Zooplankton samples were collected every four hours over a 72 hour period, twice 
monthly between the months of October and April over a two year period (2006 – 2008), except 
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for December and January, which were only sampled monthly. In addition there were two 
sampling efforts made in September 2007.  The sampling season was chosen to maximize 
encounters of wind-dominant meteorological events (i.e., atmospheric cold front passages) from 
late fall to early spring. Individual sampling dates were chosen to maximize astronomical tidal 
ranges.  During sampling, both a surface and a near-bottom, passive, zooplankton collection was 
taken in random order. Surface collections were six minutes long, and near-bottom collections 
were ten minutes to compensate for vertical differences in current speed and ultimately volume 
of water filtered (i.e., sampling effort). For near-bottom collections the net mouth was closed on 
deployment until in position, opened for sampling, and subsequently closed for retrieval to 
prevent vertical contamination of the sample during transit through the water column.  Nets were 
rinsed and washed down using a freshwater source to avoid contamination.  
 Zoo-/ichthyoplankton samples were initially preserved in 10% buffered (sodium 
phosphate, dibasic NaH2PO4.H20 and monobasic Na2HPO4) formalin for approximately 3.5 hours 
as a short-exposure, long-term fixative. Samples were then rinsed and switched into a 70% 
ethanol solution for long-term storage, and later access for larval fish otolith work.  
 Meteorological data were collected using a handheld temperature/pressure integrated 
anemometer and by accessing an on-site meteorological station that continuously recorded wind 
speed, wind gust strength, wind direction, barometric pressure, and air temperature. The 
meteorological station was located approximately 20 meters from the net sampling site, and was 
at a height of 20 meters to avoid confounding interactions with ground structures.  
Meteorological data were also incorporated from a weather station located on Grand Isle (29° 
15.8’ N, 89° 57.4’ W, Station ID: 87161724), approximately 27 kilometers away from the 
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sample site and maintained by the National Oceanographic and Atmospheric Administration 
(NOAA). The meteorological data was used to determine passage of the fronts as described by 
Moeller et al. (1993; Appendix A). United States surface frontal maps were also downloaded 
from the archive of NOAA’s Hydrometerological Prediction Center (HPC; 
www.hpc.necp.noaa.gov). These maps are produced in 3 hour increments and are used to 
confirm passage of the fronts (Appendix B). 
 Estuarine hydrographic parameters were measured during each plankton sample using a 
portable YSI (model no. 85) to record temperature, conductivity (salinity) and dissolved oxygen. 
A continuously sampling YSI (model no. 600R) moored offshore of the dock, also measured the 
same parameters. Meteorological and hydrographic data were periodically downloaded as 
necessary and archived for storage.  Data concerning predicted diurnal tides, measured tide 
height, and the resulting difference in tidal prism were from the tide gauge station (Station ID: 
8762075) at the Port of Fourchon, Fourchon, Louisiana (29° 6.8’ N, 90° 11.9’ W).  
A bottom-mounted, upward-looking Acoustic Doppler Current Profiler (ADCP, RDI 
1200 KHz Broadband Workhorse) was placed in the center of Bayou Tartellan to measure the 
vertical profile of current velocity and direction. Boat surveys along Bayou Tartellan and Bayou 
LaFourche out to Belle Pass were also conducted using downward-looking ADCPs to provide a 
correction factor for the mid-channel stationary upward-facing ADCP.  A volume transport 
(m3/s) was calculated for Bayou Tartellan from these data. To remove the tidal and inertial 
effects, a 6th-order 40-hr Butterworth low-pass filter was applied to the raw volume transport to 
produce a net water transport (m3/s; NWT). These net transport data effectively show the 
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lower-frequency subtidal oscillations associated with cold front events and other wind forcing, 
while filtering out the higher frequency diurnal tidal oscillations (Li et al., 2009). 
3.2.3 Laboratory Methods 
In the lab, zoo-/ichthyoplankton collections with a volume of material greater than 200 
mL were split in half using a box plankton splitter, and those with a volume greater than 400 mL 
were split into quarters. Samples were sorted under a dissecting stereoscope and all 
ichthyoplankton and postlarval penaeids were removed for identification, measurement and 
analyzed. A subset of sorted samples was checked for completeness of zooplankton removal by a 
second party.  
Ichthyoplankton and postlarval penaeids were identified to the lowest taxonomic level 
possible, depending on size of the organism and physical condition. Standard Length (SL) of 
each specimen was measured and recorded for analysis. Some larval fish that were difficult to 
identify were stained using Alizarin blue and Alizarin red to facilitate meristic counts. 
Identifications were based on the following literature: Miller and Jorgenson (1973); Fritzsche 
(1978); Hardy (1978a, 1978b); Johnson (1978); Jones et al. (1978); Martin and Drewry (1978); 
Colton et al. (1979); Leak (1981); Houde (1982); Stuck and Perry (1982); Fahay (1983); Moser 
(1984); Ruple (1984); Richards (2006); and Fahay (2007).      
3.2.4 Statistical Analysis  
 The statistical approaches applied make use of both parametric and nonparametric 
techniques. The intent of the various statistical methodologies is to illuminate the relative 
contributions of physical forcing, such as astronomical tides (i.e., tidal state), wind speed, wind 
direction, barometric pressure, air temperature (i.e., atmospheric cold front passages and other 
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meteorological forcing), and net water transport (i.e., wind-driven transport) had on estuarine 
recruitment. Although the distributions of these data sets violated certain assumptions of 
parametric analysis (i.e., normality and homogeneity of variance), the structure and robustness of 
these types of analyses often makes them far more illuminating and interpretable than 
nonparametric techniques. Utilizing a combination of both approaches, while remaining mindful 
of their limitations, allows for the most informed interpretation of results. These considerations 
can be best applied using a semi-nonparametric methodology. For the purposes of utilizing 
nonparametric methodologies, allowing the collected data to determine the function about the 
mean allows for more flexibility than a specified distribution driven estimation typical in 
parametric techniques. The variability and periodicity of winter meteorological events on larval 
recruitment supports a model where the relationship is determined from the relationship within 
the data, instead of specified a priori. Further, the nature of several of the measured 
meteorological variables to co-vary supports a modeling structure that can explain their 
relationship using a single function.   
The effects of the explanatory factors of tidal state, surface versus near-bottom 
collections, and day versus night on zoo-/ichthyoplankton densities were analyzed separately to 
investigate the effects these regular, and in the case of tidal state, high-frequency, events have on 
larval densities sampled in the estuary. Log transformation of the response variable, zoo-
/ichthyoplankton density, was attempted, but did not yield a normal distribution or homogeneous 
variance structure, violating assumptions for an ANOVA type analysis. Comparisons between 
individual factor levels (i.e., Ebb vs Flood) were conducted nonparametrically using a Wilcoxon 
Mann Whitney Test (WMW), after accounting for presence/absence to avoid misinterpretation 
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from zero inflation. Tukey critical values were computed based on the number of comparisons to 
be made overall, and used for comparison against individual Wilcoxon critical values to preserve 
overall experiment-wise error rate.  There were two levels for the factor tidal state (Ebb and 
Flood), two levels for surface versus near-bottom collections (Surface and Near-Bottom), and 
two levels for day versus night (Day and Night). Further, sample collections based on tidal state, 
surface/near-bottom, and day/night were analyzed collectively using Kruskall Wallis tests for 
significant differences (KW). The length of the data sets for individual species included in these 
analyses was based on their expected spawning and recruitment period (i.e., their larval stage 
seasonality).  
 The effects of oceanographic flows on recruitment are driven by a combination of tidal 
state (mass balance in the estuary) and meteorological effects, such as Ekman transport. 
Traditional models attempt to meet the assumption of normality, allowing for a Gaussian 
distribution of the error, after a log transformation of the response variable (i.e., density of zoo-
/ichthyoplankton) of the structure: 
     ߬ = 	 logଵ଴(ߜ + 1) 
where τ represents the log transformed density estimate (number of organisms / 15 m3 of water), 
and δ represents the original untransformed density estimate. However, log transformation of the 
response variable does not address the assumption of homogeneity of variance. Further, it alters 
the inherent structure created by the patchy distributions common to plankton surveys. 
Therefore, the analyses focus on a combination of singular main effects and interaction effects 
using estimation of the nonparametrically-smoothed, curvilinear relationship of the effects using 
the statistical package MGCV in R (R Development Core Team 2008). 
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 Even nonparametric models become difficult to quantify when there are a number of 
predictor variables, as in our case with the continuous variables of wind speed, wind direction, 
barometric pressure and net transport. Further, the relationship between each of the predictor 
variables and the response variable (i.e., density of zoo-/ichthyoplankton) becomes difficult to 
discern for analytical purposes (Eubank, 1988, Fox, 2002). The analysis on zoo-/ichthyoplankton 
densities presented here has several meteorological variables to be included in the model. In this 
case, a generalized additive model becomes useful, despite being more restrictive than the 
general case nonparametric regression model: 
                                       ݃(ܧ(ܻ)) = 	μ + ݂1(ݔ1) + ݂2(ݔ2) + ⋯+ ݂݊(ݔ݊) 
where g(E(Y)) represents the response variable of zoo-/ichthyoplankton density with an 
identifiable mean under an exponential family through the link function, and the x variables 
represent the explanatory variables to be included into the model. The overall mean is 
represented by µ, the smoothing functions for each variable are represented by f. 
Although the model appears to be similar to the linear parametric case, the functions here 
are estimated to be smooth curves determined from the structure of the data. These partial 
regression functions are also able to accommodate interactions, using tensor products, between 
the measured variables (Hastie, 1990).  In application of the regression, we are attempting to 
smooth a scatterplot of some multiple dimensions (Eubank and Spiegelman, 1990).  The 
generalized additive model (GAM) function used in our analyses estimates the number of 
kernels, or the weighting functions determining the structure of the spline (Wood, 2001). Since 
we have no a priori choice for the estimation of the number of kernels, the software will estimate 
using a penalized sum of squares approach: 
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                             ݈ܲ݁݊ܽ݅ݖ݁݀	ܵܵ = 	߮ ׬൫ݏ(ݔ)൯2݀ݔ +	∑ ൫ݕ݅ − ݏ(ݔ݅)൯2௡௜ୀଵ . 
In this approach, the amount of smoothing where the spline function is represented by s(), is 
controlled by the ࣐	parameter, using generalized cross validation. As this estimate begins to 
approach zero, the spline function begins to follow every point in the original data (Golubev 
1993). Reinsch (1967) showed that by fixing that estimation, there is a natural spline created 
through minimizing the penalized sum of squares and fixing the number of kernels. Although 
this solution to the kernel density utilizes a smoothing spline for each xi, it allows for a great deal 
of flexibility in model fitting (Fox, 2002). 
The non-linear nature of explanatory variables (i.e., wind speed, wind direction, 
barometric pressure, and net transport), which were used to elucidate the effects of winter frontal 
passage, were explored using a GAM in relation to a model fit against the response variable of 
zoo-/ichthyoplankton density. More specifically, the explanatory variables of wind speed, wind 
direction, barometric pressure and net transport were fit as individual variables, and the 
interaction of barometric pressure and wind direction was fit as a proxy for winter frontal 
passage.  This model took the form of: 
݃(μ௜) = ܾ଴ +	ݏଵ(ܹ ௜ܵ) +	ݏଶ(ܹܰ ௜ܶ) + ݏଷ(ܹܦ௜) + ݏସ(ܤܣܴ ௜ܱ) +	ݐ݅ହ(ܤܣܴ ௜ܱ,ܹܦ௜) 
 where ݃(μ௜) represents the mean from the negative binomial distribution of the response 
through the logit link, WS represents wind speed, WD represents wind direction, BARO 
represents barometric pressure, and NWT represents net water transport.  The function ݏ() is the 
penalized smooth response of the explanatory variable that best fits residuals within the model, 
and ݐ݅() is a tensor product smooth that accounts for the smooth functions of the main effects for 
the interaction term under the assumption that the identifiability constraints for the main effects 
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(i.e., sum to zero) have already been applied. Individual model terms are evaluated against a Chi- 
Square (Chisq) Distribution for significance.  Determination of final model structure varied by 
species and probably represents a combination of life history strategy, spawning/planktonic 
season, and prevailing meteorological and oceanographic conditions. Further, interactions 
between other variables such as salinity, water temperature and dissolved oxygen were included 
to help distinguish particular characteristics of the water masses. Therefore, the statistical 
methodology utilized a combination of factorial component levels on continuous explanatory 
variables in complex nonparametric models for elucidating structure of the relationships between 
the explanatory variables of wind speed, wind direction, barometric pressure, net transport, the 
associated interactions, and the response variable as density of zoo-/ichthyoplankton sampled.  
3.3 Results 
3.3.1 Hydrology 
Observed water temperature measurements were consistent with a well-mixed tidal pass. 
Water temperature (̅ݔ = 20.51	℃) generally had low variability during any sampling effort. 
However, the November and December 2006 efforts and the January 2007 effort, recorded 
temperature fluctuations that were significantly greater than the other sampling efforts. In 
particular, the January 2007 sampling effort showed 10.2 °C in temperature fluctuation during 
the 72 hour sampling period (Figure 3.2). Comparison of temperature based on sampling depth   
yielded no statistical differences. Water temperature variations during the first sampling year 
(Oct. 2006 – Apr. 2007) had much lower median water temperatures with greater variation, than 
during the same months in year two. Generally, the water was warmer during the early fall (i.e., 
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Figure 3.2: Water temperature variations by month across the two years of field sampling, year 1 
(red) and year 2 (blue). Both years show a similar trend of decreased temperature from 
November through February, although 2008 shows the colder water lasting into March. The 
temperatures in 2006 and early 2007 were overall lower than late 2007 and 2008. In general, 
there was a higher degree of variability during the months with the coldest water temperatures. 
 
September and October) and cooled into the winter before rising again during March and April. 
There was a noticeable dropoff in temperature during November2006, and median water 
temperature remained below 15°C through early February 2007. The sharp decline in water 
temperature coincides with the passage of a large frontal event on November 15th 2006.  
Although there was also a decrease in water temperature in November 2007, the median water 
temperature did not fall below 17°C during the remaining year. Moreover, the median water 
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temperature remained fairly constant from November 2007 through March 2008, with little 
variation through late March 2008.  
Monthly patterns of salinity were less consistent than water temperature between year 
one and two of the study period. In general, 95% of all measured salinity values fell between 
21.5 and 31.4 ppt with a total salinity range of 14.5 to 33.2 ppt and a mean of 27.32 ppt (Figure 
3.3). Median salinity values dropped more than 5 ppt between December 2006 and January 2007.  
 
Figure 3.3: Salinity variation by month across the two years of field sampling. There was more 
consistency across sampling efforts during year 1(red) than year 2(blue). The highest variability 
in salinities occurred from November through March for both years. April 2008 sampling efforts 
encountered extremely low salinities compared to all other efforts. 
 
Early February 2007 had a similar median value as January 2007, but had salinity ranges from as 
high as 32 ppt to nearly 20 ppt over the 4 day sampling. Aside from median salinities in late 
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February 2007 of approximately 28 ppt, the median salinity in Bayou Tartellan remained below 
25 ppt until early April 2007. Salinities during late 2007 and early 2008, with the exception of 
early March, showed less variation and were generally higher than the previous sample year. 
However, early April 2008 samples had an extreme drop in salinity, with a minimum value less 
than 15 ppt, and extreme outlying values as high as 25 ppt. Sampling efforts in March (both  
years) and April 2007 had the lowest salinities, possibly indicating increased precipitation. There 
were no statistically significant differences between surface or near-bottom salinities, further 
supporting a well-mixed estuary.  
Variability was seen with dissolved oxygen (̅ݔ = 6.35	݉݃/ܮ) measurements, which 
reflected differences between surface/bottom and day/night sampling and the associated oxygen 
cycling within the water column. Surface dissolved oxygen concentrations were significantly 
higher than near-bottom measurements (݌ < 0.001 , WMW), and surprisingly, nocturnal 
samples had higher levels of dissolved oxygen than day (݌ < 0.001 , WMW). Daytime surface 
samples had median dissolved oxygen concentration of 6.4 mg/L, but there was little difference 
from the nocturnal surface samples (݉݁݀ܽ݅݊ = 6.7	݉݃/ܮ).  Nocturnal surface samples had the 
highest mean value, while daytime, near-bottom samples were statistically lowest (Figure 3.4).  
The tidal regime for the area around Bayou Tartellan and Bayou LaFourche is typically 
diurnal; however, deviations from the expected tidal range and periodicity were encountered. 
During any individual sampling trip, tidal ranges were as small as 40 cm or as large as 75 cm.  
However, tidal ranges recorded outside of our normal sampling efforts were as high as 1.2 
meters (Figures 3.5-3.12). The mean tidal range was approximately 60 cm, and was not 
significantly different from the mean expected astronomical tidal range (݌ = 0.21,	 WMW).   
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Figure 3.4: Boxplots comparing the dissolved oxygen concentration during sampling, based on 
sample depth and time of sample collection. Non-overlapping notches between any two boxplots 
represent “strong evidence” of statistically different median values (Chambers et al. 1983). 
Different colors represent statistically different (WMW) groups. 
 
Initial observation of tidal direction conducted during sampling efforts indicated that 43% 
of plankton sampling occurred during flood tides and 57% during ebb tides. However, when 
factoring in a slack tide category, defined as those tides with water velocities less than 0.312 
cm/s at the net mouth, the resultant distribution of tidal sampling effort became heavily favored 
towards ebb tides which account for 51% of the sampling, flood tides 33% of the time and slack 
tides 15%. 
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 Passage of meteorological cold fronts occurred before, during and after sampling efforts. 
As a result, some sampling efforts encountered increased water volume within the tidal pass 
from coastal setup caused by the southerly winds during the pre-frontal passage phase. This is 
evident as an increase in the positive difference between observed and predicted water levels 
immediately before front passage (Figures 3.5-3.12).  Passage of the front was marked by a sharp 
increase in barometric pressure, a decrease in air temperature coupled with a similar decrease in 
dew point temperature, and a switch in wind direction from southerly to northerly winds through 
the western quadrant.  The post-frontal phase is represented by a decrease in water levels well 
below expected levels, including similar decreases in salinity and water temperature, resulting 
from the effect of cold, northerly winds and preceding rainfall within this shallow estuary 
(Figure 3.13). In particular, the time periods immediately following passage of the front 
experienced sharp declines in tidal prism, up to 44 cm and in some cases occurring in less than a 
day. The actual passages of the fronts varied in length from 10 hours to 30 hours, and were more 
numerous from November through February.  
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Figure 3.5: Expected and measured tidal height during September 2007 at the Port of Fourchon. 
The black sinusoidal line represents the expected tidal height. The light gray line represents the 
actual measured tidal height. The lower portion of the graph represents the difference between 
expected and measured (i.e., Expected - Measured). Sampling efforts are represented as the 
colored sections, where blue is the expected tidal height during sampling, red is the measured 
tidal height during sampling, and green is the difference of the two during sampling efforts. The 
black outlined rectangle represents passage of the atmospheric frontal events, but not duration. 
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Figure 3.6: Expected and measured tidal height during October 2006 and 2007 at the Port of 
Fourchon. The black sinusoidal line represents the expected tidal height. The light gray line 
represents the actual measured tidal height. The lower portion of the graph represents the 
difference between expected and measured (i.e., Expected - Measured).  Sampling efforts are 
represented as the colored sections, where blue is the expected tidal height during sampling, red 
is the measured tidal height during sampling, and green is the difference of the two during 
sampling efforts. The black outlined rectangle represents the passage of atmospheric 
frontal events, but not duration. 
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Figure 3.7: Expected and measured tidal height during November 2006 and 2007 at the Port of 
Fourchon. The black sinusoidal line represents the expected tidal height. The light gray line 
represents the actual measured tidal height. The lower portion of the graph represents the 
difference between expected and measured (i.e., Expected - Measured).  Sampling efforts are 
represented as the colored sections, where blue is the expected tidal height during sampling, red 
is the measured tidal height during sampling, and green is the difference of the two during 
sampling efforts. The black outlined rectangle represents the passage of atmospheric 
frontal events, but not duration. 
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Figure 3.8: Expected and measured tidal height during December 2006 and 2007 at the Port of 
Fourchon. The black sinusoidal line represents the expected tidal height. The light gray line 
represents the actual measured tidal height. The lower portion of the graph represents the 
difference between expected and measured (i.e., Expected - Measured).  Sampling efforts are 
represented as the colored sections, where blue is the expected tidal height during sampling, red 
is the measured tidal height during sampling, and green is the difference of the two during 
sampling efforts. The black outlined rectangle represents passage of the atmospheric frontal 
events, but not duration. 
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Figure 3.9: Expected and measured tidal height during January 2007 and 2008 at the Port of 
Fourchon. The black sinusoidal line represents the expected tidal height. The light gray line 
represents the actual measured tidal height. The lower portion of the graph represents the 
difference between expected and measured (i.e., Expected - Measured).  Sampling efforts are 
represented as the colored sections, where blue is the expected tidal height during sampling, red 
is the measured tidal height during sampling, and green is the difference of the two during 
sampling efforts. The black outlined rectangle represents passage of the atmospheric 
events, but not duration. 
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Figure 3.10: Expected and measured tidal height during February 2007 and 2008 at the Port of 
Fourchon. The black sinusoidal line represents the expected tidal height. The light gray line 
represents the actual measured tidal height. The lower portion of the graph represents the 
difference between expected and measured (i.e., Expected - Measured).  Sampling efforts are 
represented as the colored sections, where blue is the expected tidal height during sampling, red 
is the measured tidal height during sampling, and green is the difference of the two during 
sampling efforts. The black outlined rectangle represents passage of the atmospheric frontal 
events, but not duration. 
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Figure 3.11: Expected and measured tidal height during March 2007 and 2008 at the Port of 
Fourchon. The black sinusoidal line represents the expected tidal height. The light gray line 
represents the actual measured tidal height. The lower portion of the graph represents the 
difference between expected and measured (i.e., Expected - Measured).  Sampling efforts are 
represented as the colored sections, where blue is the expected tidal height during sampling, red 
is the measured tidal height during sampling, and green is the difference of the two during 
sampling efforts. The black outlined rectangle represents passage of the atmospheric frontal 
events, but not duration. 
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Figure 3.12: Expected and measured tidal height during April 2007 and 2008 at the Port of 
Fourchon. The black sinusoidal line represents the expected tidal height. The light gray line 
represents the actual measured tidal height. The lower portion of the graph represents the 
difference between expected and measured (i.e., Expected - Measured).  Sampling efforts are 
represented as the colored sections, where blue is the expected tidal height during sampling, red 
is the measured tidal height during sampling, and green is the difference of the two during 
sampling efforts. The black outlined rectangle represents passage of the atmospheric frontal 
events, but not duration. 
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Figure 3.13: Relationship between tidal prism, salinity, and water temperature during the interim 
or pre-frontal, passage of the front, and post-frontal phases of atmospheric cold front passage. 
The two vertical black lines bracket the passage of the actual front, with the time period 
beforehand representing the pre-frontal phase and the period after passage being the post-frontal 
phase. Trend lines are non-parametrically smoothed curves relating the parameter through time. 
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3.3.2 General Zoo-/Ichthyoplankton 
 Over the course of the two years of sampling, 103 taxa were collected, with most of those 
being identified down to the species level.  Probability of encountering a particular species was 
expected to be zero outside of their expected spawning and larval recruitment season, and this 
was checked by analyzing the numbers of larvae collected during each sampling trip so as not to 
exclude either early or late recruitment by any species (Figure 3.14).  Densities of larvae sampled  
Figure 3.14: Months where species of interest were encountered during sampling efforts. GAM 
models were truncated to exclude samples with no expectation of encountering a particular 
species. 
 
 
were Negative Binomial distributed, with over-dispersion, having low mean values relative to 
very large densities for a small number of particular sampling efforts. Ichthyoplankton were 
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collected in 79% of all samples taken over the course of the two year period. When controlling 
for a patchy distribution, surface samples had a mean density of 55 indiv./15m3 (	ݏ݀ = 4.3݁ଶ), 
with a median value an order of magnitude smaller at 4 indiv./15m3; and mean near-bottom 
densities were 33.3 indiv./15m3 (ݏ݀ = 1.5݁ଶ; ݉݁݀݅ܽ݊ = 1.5݁ଶ indiv./15m3).  
Surface collections had higher total densities than bottom collections (݌ = 0.053, 
WMW) and both had extremely high variances likely due to patchy and/or pulsed recruitment. 
Significantly more larvae were collected during daylight sampling (̅ݔ = 58.5 indiv./15m3, 
ݏ݀ = 5.3݁ଶ) than at night (̅ݔ = 38.8 indiv./15m3, ݏ݀ = 1.8݁ଶ; ݌ = 0.038, WMW). There was  
 
Figure 3.15: Comparison of densities by depth (Surface, N.Bottom) and time of day (Day, 
Night). The nocturnal samples had significantly more large outlying values, and greater 
variation, than those collected during the day. Despite these differences there were no 
statistically significant differences between the groups. Non-overlapping notches in the boxplot 
represent “strong evidence” of statistically different median values (Chambers et al. 1983). 
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little difference between daytime surface and near-bottom samples, and these were not 
significantly different from nocturnal surface efforts. However, nocturnal near-bottom 
collections had lower median and first quartile densities than the other three groups (Figure 
3.15).  Further, there is a net transport of larvae into the estuary, with significantly higher 
numbers of larvae collected during flood tides (݌	 < 0.001, WMW; Figure 3.16).  
Figure 3.16: Boxplots comparing the total density of larvae within a combination of depth 
(Surface, N.Bottom), time (Day, Night) and tidal stage (Ebb, Flood). Non-overlapping notches 
between any two boxplots represent “strong evidence” of statistically different median values 
(Chambers et al. 1983). Different colors represent statistically different groups (WMW), where 
secondary colors (i.e., green) represent similarities to both primary colored groups (i.e., yellow 
and blue). Densities are plotted on a log scale. Despite higher numbers of outlying larger values 
on ebb tides, flood tides have significantly greater densities. 
 
 
3.3.3 Brevoortia patronus (gulf menhaden) 
 Brevoortia patronus, gulf menhaden, larvae were sampled during all months except for 
April (Table 3.1; Figure 3.14). October and November had the highest overall mean densities, 
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Table 3.1: Mean densities (indiv./15m3 of water filtered) and standard deviations (S.D.) for all sampling efforts during each month for 
both years combined. Statistics for each species are provided, as well as a total for each factor per species. Months where no larvae 
were collected under that designation are represented by an "x". 
 
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage x 8.7 (34.9) 5.5 (3.6) 3.6 (7.6) 9.4 (14.7) 1.6 (3.7) 5.4 (12.7) x 5.1 (18.4)
Flood Tidal Stage 0.9 (5.2) 11.6 (49.2) 16.3 (55.5) 2.4 (7.6) 1.9 (4.9) 0.6 (4.3) 6.8 (45.4) x 6.6 (36.6)
Daytime Sampling 1.3 (6.3) 1.5 (4.6) 9.9 (23.8) 1.0 (4.5) 0.9 (2.1) 0.8 (4.6) 0.8 (2.4) x 2.7 (11.5)
Nocturnal Sampling 0.1 (0.4) 15.7 (52.8) 9.7 (43.7) 4.7 (8.7) 8.6 (13.9) 1.3 (3.6) 9.3 (40.1) x 7.7 (34.4)
Total 0.5 (3.7) 9.9 (41.2) 9.8 (36.9) 3.2 (7.6) 5.4 (11.3) 1.1 (4.0) 6.0 (31.6) x
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage x 8.3 (31.7) 32.6 (94.4) 17.0 (76.2) 2.9 (5.4) 0.2 (0.5) 1.7 (6.4) x 10.5 (52.3)
Flood Tidal Stage 0.6 (3.7) 10.3 (38.5) 56.2 (257.5) 6.0 (25.2) 2.4 (8.7) x 0.1 (0.4) x 12.2 (109.3)
Daytime Sampling x 3.5 (11.6) 63.7 (266.4) 27.5 (101.2) 1.7 (6.5) x 0.9 (5.7) x 15.6 (121.5)
Nocturnal Sampling 0.5 (3.2) 13.0 (43.5) 27.3 (69.3) 4.3 (8.6) 3.3 (7.8) 0.2 (0.5) 1 (4.3) x 8.4 (36.7)
Total 0.3 (2.6) 9.1 (34.5) 42.0 (177.4) 13.5 (64.3) 2.7 (7.3) 0.1 (0.4) 1.0 (4.9) x
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage 0.2 (0.8) 1.2 (7.6) 0.6 (5.3) x x x 1.1 (5.4) 13.8 (45.1) 0.9 (8.7)
Flood Tidal Stage 10.8 (41.2) 0.5 (3.4) 0.5 (3.4) x 0.03 (0.2) x x 8.3 (22.4) 1.5 (14.3)
Daytime Sampling 3.3 (11.1) 1.1 (8.4) 0.4 (3.4) x 0.03 (0.2) x 0.02 (0.1) 20.3 (55.3) 1.1 (10.1)
Nocturnal Sampling 6.6 (35.6) 0.6 (5.3) 0.6 (5.3) x x x 1.0 (5.1) 6.1 (18.9) 1.2 (12.3)
Total 5.5 (29.7) 0.7 (5.9) 0.5 (4.6) x 0.01 (0.1) x 0.6 (4.0) 11.3 (35.9)
Month
Mean Density (S.D.)
Brevoortia patronus
Micropogonias undulatus
Anchoa hepsetus
104 
 
 
 
Table 3.1 Continued: Mean densities (indiv./15m3 of water filtered) and standard deviations (S.D.) for all sampling efforts during each 
month for both years combined. Statistics for each species are provided, as well as a total for each factor per species. Months where no 
larvae were collected under that designation are represented by an "x". 
 
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage 4.8 (12.6) 3.3 (12.9) 0.1 (0.3) 0.8 (2.2) 0.2 (1.0) 0.4 (1.7) 4.1 (10.9) 109.8 (378.0) 4.8 (62.2)
Flood Tidal Stage 10.9 (28.9) 36.3 (169.5) 0.04 (0.3) x 0.1 (0.3) 1.1 (6.5) 0.1 (0.5) x 7.5 (71.2)
Daytime Sampling 8.8 (24.2) 5.0 (14.7) 0.03 (0.3) 0.4 (2.3) 0.1 (0.4) x 0.3 (1.1) 164.6 (462.8) 5.9 (74.3)
Nocturnal Sampling 7.4 (21.6) 24.6 (140.7) 0.1 (0.3) 0.6 (1.5) 0.2 (0.9) 1.3 (5.9) 3.6 (10.5) x 6.0 (60.4)
Total 7.9 (22.3) 16.6 (108.7) 0.1 (0.3) 0.5 (1.8) 0.1 (0.7) 0.7 (4.5) 2.3 (8.4) 59.9 (279.2)
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage 0.3 (0.7) 1.1 (6.2) 0.02 (0.2) 1.7 (7.8) 1.2 (2.1) 0.7 (2.0) 9.9 (35.9) 0.3 (0.9) 2.1 (14.7)
Flood Tidal Stage 4.7 (10.8) 0.7 (2.0) 1.1 (5.1) 0.4 (1.2) 28.7 (75.2) 8.6 (22.6) 33.5 (75.4) x 10.2 (40.1)
Daytime Sampling 3.8 (11.7) 0.3 (1.4) 0.2 (1.0) 0.3 (1.2) 0.1 (0.3) 3.6 (15.9) 6.6 (16.6) 0.1 (0.4) 2.4 (10.4)
Nocturnal Sampling 1.8 (5.2) 1.2 (5.7) 0.7 (4.3) 1.8 (7.9) 21.2 (63.9) 4.8 (16.2) 28.7 (70.8) 0.2 (0.8) 7.7 (35.4)
Total 2.5 (8.0) 0.9 (4.8) 0.5 (3.6) 1.3 (6.5) 14.2 (52.7) 4.4 (16.0) 21.2 (59.1) 0.2 (0.7)
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage x 0.01 (0.1) x 2.1 (6.2) 0.3 (1.2) 7.5 (31.9) 2.5 (19.8) x 2.1 (16.5)
Flood Tidal Stage x 0.5 (3.7) x 9.0 (43.4) 0.9 (4.4) 1.9 (11.0) x x 1.3 (13.3)
Daytime Sampling x x x 2.4 (6.9) 1.3 (5.0) 0.2 (1.1) 0.1 (0.3) x 0.4 (2.8)
Nocturnal Sampling x 0.3 (3.0) x 5.6 (31.8) 0.1 (0.4) 8.4 (32.1) 2.2 (18.9) x 2.7 (19.5)
Total x 0.2 (2.3) x 4.4 (25.0) 0.6 (3.3) 5.0 (24.8) 1.4 (14.8) x
Pogonias cromis
Farfantepenaeus aztecus
Month
Mean Density (S.D.)
Anchoa mitchilli
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Table 3.1 Continued: Mean densities (indiv./15m3 of water filtered) and standard deviations (S.D.) for all sampling efforts during each 
month for both years combined. Statistics for each species are provided, as well as a total for each factor per species. Months where no 
larvae were collected under that designation are represented by an "x". 
 
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage 1.1 (4.8) 0.2 (1.1) x x x x x x 0.4 (2.8)
Flood Tidal Stage 98.8 (393.1) 1.8 (6.3) x x x x x x 38.9 (245.8)
Daytime Sampling 1.4 (5.3) 0.1 (0.5) x x x x x x 0.5 (2.9)
Nocturnal Sampling 74.3 (342.0) 1.3 (5.4) x x x x x x 27.6 (207.1)
Total 50.0 (280.4) 0.8 (4.2) x x x x x x
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage 3.5 (5.8) 0.4 (1.5) 0.02 (0.2) 0.02 (0.1) x 0.4 (1.0) 4.1 (9.0) 1.1 (2.5) 1.2 (4.5)
Flood Tidal Stage 33.1 (56.2) 3.2 (10.9) x x x 0.2 (1.5) 1.9 (10.3) 14.4 (23.4) 5.4 (23.1)
Daytime Sampling 7.0 (9.1) 0.5 (1.8) 0.02 (0.1) x x 0.2 (1.6) 5.8 (14.5) 1.1 (2.8) 1.8 (7.2)
Nocturnal Sampling 24.0 (50.8) 2.2 (9.1) 0.01 (0.1) 0.02 (0.2) x 0.3 (0.9) 1.4 (3.5) 10.6 (20.9) 3.7 (19.1)
Total 18.3 (42.4) 1.5 (7.1) 0.01 (0.1) 0.01 (0.1) x 0.3 (1.2) 3.1 (9.6) 7.1 (17.2)
Factor Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Ebb Tidal Stage 0.8 (2.2) 0.03 (0.2) x x x x x x 0.3 (1.3)
Flood Tidal Stage 2.0 (8.4) 0.3 (1.5) x x x x x x 0.9 (5.3)
Daytime Sampling 1.8 (3.5) 0.3 (1.5) x x x x x x 0.7 (2.4)
Nocturnal Sampling 1.2 (7.1) 0.02 (0.2) x x x x x x 0.4 (4.3)
Total 1.4 (6.1) 0.1 (1.0) x x x x x x
Sciaenops ocellatus
Cynoscion arenarius
Cynoscion nebulosus
Month
Mean Density (S.D.)
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with 9.9 and 9.8 fish per 15m3 of water, respectively. There was a second peak in mean density 
in March (̅ݔ = 6.0	indiv./15m3, ݏ݀ = 31.6; Table 3.1), with slightly smaller densities sampled 
during December (̅ݔ = 3.2	indiv./15m3, ݏ݀ = 7.6) and January (̅ݔ = 5.4	indiv./15m3, ݏ݀ =
11.3). Despite some samples with extremely high densities of gulf menhaden, nearly 47% of all 
samples contained zero larvae, indicating pulsed recruitment events.  
 This concept of pulsed recruitment is also evident when looking at catch differences by 
tidal stage. When controlling for the binomial (i.e., catch, no-catch) nature of encountering larvae 
(i.e., resulting metrics are based on the zero-truncated data set), flood tide densities (̅ݔ =
52.0	indiv./15m3, ݏ݀ = 97.4) were significantly greater than ebb (̅ݔ = 21.2	indiv./15m3, 
ݏ݀ = 38.0, ݌ < 0.006, WMW, Table 3.2; Figure 3.17). Without controlling for 
presence/absence, the greatest densities occurred on nocturnal flood tides (̅ݔ = 9.5	indiv./15m3, 
ݏ݀ = 49.6, Table 3.3). Additional noteworthy comparisons, when controlling for zeros, include 
Kruskall-Wallis testing showing nocturnal flood densities having far greater chance of non-zero 
densities and the highest overall peak densities (̅ݔ = 56.9, ݏ݀ = 111.0	 indiv./15m3, Table 3.4; 
Figure 3.18). Difference between night densities (̅ݔ = 34.0, ݏ݀ = 71.6	 indiv./15m3, Table 3.2) 
versus day (̅ݔ = 20.0, ݏ݀ = 26.4	 indiv./15m3), although large, was not significant.  
In analyzing for the effects of meteorological variables on the variation in gulf menhaden 
densities, significant non-linear relationships were exhibited by net water transport, wind 
direction (݌ < 0.051, Chisq), wind speed, barometric pressure, and the interaction of barometric 
pressure and wind direction (Adj. R2 = 0.92, Table 3.5).  The interaction of wind direction and 
barometric pressure was accounted for based on tidal stage, as differences were expected 
between flood and ebb tides. Net water transport and wind speed exerted only small-scale 
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Table 3.2: Data and statistical results for Wilcoxon-Mann-Whitney (WMW) Rank Sum test for 
differences between ebb and flood tidal stages, and daytime and noctural sampling efforts. Mean 
and median densities are calculated per 15 cubic meters of water for all species. All metrics are 
based on the zero-truncated data set, and accounted for ties, for analysis under the assumptions 
of WMW. "*" Represents a statistically signfiicant comparison (α=0.05) with that group's 
density being the greater of the two. 
 
 
 
fluctuations on density estimation when compared to the scale of effect from the other variables 
(Figure 3.21). Significant increases in the number of larvae expected (i.e., recruitment events) 
were associated with wind directions from the northeast and northwest quadrants and high and  
 
WMW
Species Mean Median S.D. Mean Median S.D. PHo(Z	≥ W)
B. patronus 21.2 8.0 38.0 52.0 23.0* 97.4 <0.006
M. undulatus 44.8 6.0 117.2 126.8 28.5* 337.6 <0.001
A. hepsetus 20.8 3.0 38.1 55.6 27.0 77.6 0.057
A. mitchilli 35.2 5.0 167.1 92.1 34.5* 281.8 <0.001
F. aztecus 11.4 2.0 32.9 61.5 17.0* 108.0 <0.001
P. cromis 31.9 4.0 60.5 48.9 27.5 69.3 0.203
S. ocellatus 6.8 2.5 9.8 203.4 25.0* 564.4 <0.003
C. arenarius 9.1 4.0 13.8 65.7 36.0* 82.4 <0.001
C. nebulosus 3.1 1.0 4.4 14.7 9.0* 17.0 <0.009
Daytime	Sampling Nocturnal	Sampling WMW
Species Mean Median S.D. Mean Median S.D. PHo(Z	≥ W)
B. patronus 20.0 9.0 26.4 34.0 9.0 71.6 0.321
M. undulatus 122.4 11.0 333.7 40.6 8.0 84.7 0.381
A. hepsetus 41.6 30.5 51.8 28.2 6.5 57.0 0.327
A. mitchilli 63.9 10.5 241.5 47.9 7.0 195.1 0.516
F. aztecus 20.0 8.5 25.7 37.2 4.0 88.6 0.415
P. cromis 9.4 3.0 10.8 51.3 21.0 73.9 0.283
S. ocellatus 6.3 3.0 9.7 183.9 18.5 537.2 0.087
C. arenarius 17.5 9.0 21.1 32.6 5.5 65.6 0.744
C. nebulosus 6.7 6.0 4.8 8.4 1.0 17.9 0.157
Ebb	Tidal	Stage Flood	Tidal	Stage
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Figure 3.17: Density of Brevoortia patronus larvae as a function of tidal stage. Non-overlapping 
notches in the boxplots represent “strong evidence” of statistically different median values 
(Chambers et al. 1983). Different colors represent statistically different groups (WMW). 
 
low barometric pressures (Barometric Pressure: ݌	 < 0.027, Chisq), when looking at each factor 
individually. Analyzing the interaction of barometric pressure and wind direction by tide, two 
sets of conditions appear favorable for recruitment during flood tides (Figure 3.22). High 
estuarine catch rates primarily occurred during low to mid atmospheric pressure events 
associated with westerly and northwesterly winds (i.e., 270° and 325°, respectively), and to a 
lesser extent during a range of atmospheric pressures and southerly winds. Ebb tides show 
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Table 3.3: Mean densities (indiv./15m3 of water filtered) and standard deviations (S.D.) for all sampling efforts during each month for 
both years combined. Statistics for each species are provided, as well as a total for each interaction per species. Months where no 
larvae were collected under that designation are represented by an "x". 
 
 
 
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb x 0.8 (2.1) 5.2 (17.4) x 0.1 (0.4) 0.7 (1.9) 1.8 (3.4) x 1.8 (8.5)
Nocturnal Ebb x 15.6 (46.9) 5.7 (13.0) 4.6 (8.3) 11.7 (15.7) 1.8 (4.1) 7.2 (15.0) x 6.7 (21.5)
Daytime Flood 2.6 (8.9) 2.9 (7.4) 15.4 (28.8) 1.6 (5.8) 1.1 (2.3) 0.9 (5.4) x x 3.6 (13.5)
Nocturnal Flood 0.1 (0.6) 15.8 (59.6) 17.2 (72.1) 4.8 (11.8) 3 (7.3) x 12.8 (62.3) x 9.5 (49.6)
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb x 0.6 (1.8) 42.3 (140.8) 57.5 (157.1) x x 2.1 (8.3) x 14.2 (80.2)
Nocturnal Ebb x 15.1 (42.4) 27.3 (55.1) 5.0 (9.1) 3.6 (5.9) 0.3 (0.6) 1.6 (5.4) x 8.8 (31.0)
Daytime Flood x 9.6 (19.2) 88.4 (362.7) 8.2 (29.2) 2.3 (7.4) x x x 16.7 (148.3)
Nocturnal Flood 0.9 (1.5) 10.6 (45.2) 27.3 (91.3) x 2.7 (10.6) x x x 7.8 (45.1)
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb x 1.6 (10.3) x x x x 0.04 (0.2) 32.4 (69.7) 1.6 (14.0)
Nocturnal Ebb 0.3 (1.0) 0.7 (4.3) 0.9 (6.5) x x x 1.6 (6.5) 0.4 (1.1) 0.6 (4.2)
Daytime Flood 6.5 (15.3) x 1.0 (5.0) x 0.04 (0.2) x x x 0.6 (4.7)
Nocturnal Flood 13.0 (50.0) x x x x x x 11.9 (26.5) 2.3 (19.5)
Micropogonias undulatus
Anchoa hepsetus
Month
Mean	Density	(S.D.)
Brevoortia patronus
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Table 3.3 Continued: Mean densities (indiv./15m3 of water filtered) and standard deviations (S.D.) for all sampling efforts during each 
month for both years combined. Statistics for each species are provided, as well as a total for each interaction per species. Months 
where no larvae were collected under that designation are represented by an "x". 
 
 
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb 8.6 (19.6) 1.0 (2.1) x 1.1 (3.6) x x 0.4 (1.5) 263.4 (585.1) 10.1 (108.1)
Nocturnal Ebb 2.9 (6.8) 5.3 (17.3) 0.1 (0.4) 0.7 (1.6) 0.3 (1.1) 0.6 (2.0) 5.9 (13.0) x 2.2 (9.0)
Daytime Flood 9 (29.0) 13.5 (24.0) 0.1 (0.4) x 0.1 (0.4) x 0.1 (0.8) x 2.2 (11.8)
Nocturnal Flood 12.0 (29.4) 47.4 (206.0) x x x 3.0 (10.6) x x 12.7 (99.1)
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb x x x x 0.2 (0.4) 1.0 (3.5) 6.6 (13.8) 0.2 (0.4) 1.3 (6.1)
Nocturnal Ebb 0.4 (0.9) 1.7 (7.6) 0.04 (0.2) 2.2 (8.9) 1.6 (2.5) 0.5 (0.8) 11.8 (44.6) 0.4 (1.1) 2.5 (17.5)
Daytime Flood 7.7 (15.9) 0.8 (2.2) 0.5 (1.6) 0.7 (1.7) x 6.1 (21.9) 6.5 (20.6) x 3.6 (13.8)
Nocturnal Flood 3.3 (7.1) 0.6 (2.0) 1.3 (6.0) x 44.4 (91.0) 10.1 (23.4) 44.8 (86.9) x 13.7 (47.8)
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb x x x 6.2 (10.2) 1.3 (2.6) 0.6 (1.9) 0.2 (0.5) x 0.7 (3.4)
Nocturnal Ebb x 0.02 (0.1) x 0.9 (3.8) 0.1 (0.3) 9.7 (36.3) 3.6 (24.1) x 2.8 (19.9)
Daytime Flood x x x x 1.3 (5.6) x x x 0.2 (2.2)
Nocturnal Flood x 0.7 (4.5) x 34.7 (85.0) 0.1 (0.5) 5.3 (18.0) x x 2.5 (18.9)
Anchoa mitchilli
Farfantepenaeus aztecus
Month
Mean	Density	(S.D.)
Pogonias cromis
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Table 3.3 Continued: Mean densities (indiv./15m3 of water filtered) and standard deviations (S.D.) for all sampling efforts during each 
month for both years combined. Statistics for each species are provided, as well as a total for each interaction per species. Months 
where no larvae were collected under that designation are represented by an "x". 
 
 
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb 0.6 (0.9) x x x x x x x 0.1 (0.5)
Nocturnal Ebb 1.4 (5.9) 0.3 (1.5) x x x x x x 0.7 (3.7)
Daytime Flood 2.2 (7.5) 0.3 (0.9) x x x x x x 1.0 (4.7)
Nocturnal Flood 147.1 (477.3) 2.5 (7.6) x x x x x x 57.6 (299.3)
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb 7.8 (6.1) 0.6 (2.1) 0.03 (0.2) x x 0.1 (0.3) 7.9 (14.1) 0.2 (0.4) 2.2 (6.8)
Nocturnal Ebb 1.4 (4.5) 0.2 (0.6) 0.01 (0.1) 0.03 (0.2) x 0.5 (1.1) 2.3 (4.2) 1.7 (3.1) 0.7 (2.4)
Daytime Flood 6.2 (11.6) 0.2 (0.7) x x x 0.3 (1.9) 4.0 (14.8) 2.7 (4.6) 1.4 (7.5)
Nocturnal Flood 46.6 (64.6) 4.6 (13.1) x x x x x 19.4 (27.5) 9.0 (30.8)
Interaction Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
Daytime Ebb 2.0 (3.6) 0.02 (0.2) x x x x x x 0.5 (1.9)
Nocturnal Ebb 0.2 (0.5) 0.04 (0.2) x x x x x x 0.1 (0.3)
Daytime Flood 1.5 (3.5) 0.9 (2.6) x x x x x x 1.1 (3.0)
Nocturnal Flood 2.2 (10.0) x x x x x x x 0.8 (6.2)
Sciaenops ocellatus
Cynoscion arenarius
Cynoscion nebulosus
Month
Mean	Density	(S.D.)
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Table 3.4: Data and statistical results for Kruskal-Wallis (KW) Rank Sum Test for differences between densities sampled during the 
interactions of tidal stage and circadian sampling efforts for both years combined. Mean and median densities are calculated per 15 
cubic meters of water filtered. All metrics are based on the zero-truncated data set and accounting for ties to meet the assumptions of 
KW. Similarities and differences between each of the four groupings are presented as subscripted letters. The same letter shows 
similarity between those groups for each species. Different letters "A,B,C,D" represent statistically significant differences (α=0.05) 
between groups. 
K-W
Species Mean Median S.D. Mean Median S.D. Mean Median S.D. Mean Median S.D. PHo(χ2	≥	H)
B. patronus 8.3 3.5A 17.1 15.2 5.0AB 30.4 23.6 16.0AB 27.4 56.9 20.5B 111.0 0.0084
M. undulatus 91.5 4.0A 215.2 32.1 6.0A 67.8 162.4 34.0B 447.9 86.4 27.0AB 140.6 0.0081
A. hepsetus 57.0 35.0 72.8 11.2 2.0 16.0 26.3 30.5 18 79.0 27.0 101.2 0.1049
A. mitchilli 87.1 4.0A 315.6 15.2 5.5A 21.4 31.0 16.5AB 39.8 137.9 40.5B 369.6 <0.0005
F. aztecus 13.4 7.5AB 16.2 10.9 2.0A 35.7 25.3 8.5B 31.2 76.0 27.0B 124.1 <0.0001
P. cromis 9.1 4.5 10.4 45.2 4.0 73.2 10.3 3.0 14.5 72.0 45.0 80.8 0.2516
S. ocellatus 2.3 2.0A 1.5 9.4 3.0A 12.0 10.3 4.0A 13.7 242.0 26.0A 614.1 0.0832
C. arenarius 14.4 7.0A 19.6 5.8 3.0A 6.5 25.8 12.0AB 23.9 84.5 45.0B 93.6 <0.0001
C. nebulosus 5.0 3.0A 5.8 1.2 1.0A 0.4 8.8 9.0A 2.2 26.5 26.5B 31.2 0.0317
Flood	Tidal	Stage
Nocturnal	Sampling
Ebb	Tidal	Stage
Daytime	Sampling
Ebb	Tidal	Stage
Nocturnal	Sampling
Flood	Tidal	Stage
Daytime	Sampling
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Figure 3.18: Density of Brevoortia patronus larvae as a function of tidal stage and time of day. 
There is a significant difference between those samples collected during flood and ebb tides; 
however, no difference is discernible in time of day. Non-overlapping notches in the boxplots 
represent “strong evidence” of statistically different median values (Chambers et al. 1983), 
which represents the equivalent of a “visual” WMW. Different primary colors (yellow and blue) 
represent statistically different groups, while secondary colors (green) show similarities to both 
primary groups under Kruskal-Wallis test. 
 
medium numbers of larvae within the tidal pass associated with northerly winds and extremely 
high or low atmospheric pressures. Overall, the most favorable conditions for high catch rates of 
B. patronus were associated with passage of the front (i.e., low pressures associated with 
westerly winds), and the period immediately after frontal passage with climbing barometric 
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Table 3.5: Model terms and associated significance levels for each species included for analysis. Terms in the models that were 
significant at p ≤ 0.05 are in bold. Terms that upon stepwise model simplification were no longer necessary in the model are 
represented by an x. Those model terms that were able to have specification upon tidal stage have the significance values for each tidal 
stage, and the removed combined term is represented by a "~". 
 
 
 
B. patronus M. undulatus A. hepsetus A. mitchilli F. aztecus P. cromis S. ocellatus C. arenarius C. nebulosus
Net Water Transport 0.0002 <0.0001 0.0014 0.0099 x x x 0.0005 x
Wind Direction 0.0508 0.2529 0.0361 0.0383 ~ ~ <0.0001 ~ 0.0514
Flood 0.0007 <0.0001 0.0053
Ebb 0.0227 0.0014 0.0005
Wind Speed 0.0022 x 0.0153 0.0867 0.0003 x x 0.0074 0.0029
Flood
Ebb
Barometric Pressure 0.0265 0.0019 0.0395 0.0001 ~ ~ 0.0052 ~ x
Flood 0.0058 <0.0001 0.0049
Ebb 0.0057 0.0012 0.0018
Interaction ~ ~ x x x x x x x
Flood 0.0016 0.0207
Ebb <0.0001 <0.0001
Adj. R2 0.92 0.91 0.34 0.32 0.34 0.49 0.39 0.37 0.38
Deviance Explained 84.80% 95.30% 67.70% 66.50% 62.90% 85.20% 72.30% 71.60% 59.00%
Model Terms
Species
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Figure 3.19: Model fit for the 1-dimensional terms of the GAM model for larval Brevoortia patronus. Shaded areas represent 95% 
confidence intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. Only 
positive effects on density are shown to better illustrate the individual effects of model terms.  
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Figure 3.20: Larval Brevoortia patronus completed model and effect on density plotted as a contour map. Expected values are based 
on the complete model fit. Estimated density isolines as a function of barometric pressure and wind direction are shown in color.  
Areas where no plot is shown represent expected numbers of larvae within the tidal pass to be zero. The interaction is plotted 
individually for flood and ebb tidal stages. Histograms above contour plots represent frequency of wind directions during sampling. 
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pressures and northerly winds. Interestingly, easterly winds across a range of atmospheric 
pressures, usually associated with Ekman transport inshore, showed no positive effect on 
densities. 
3.3.4 Micropogonias undulatus (Atlantic croaker) 
 Atlantic croaker, Micropogonias undulatus, larvae were collected in all months except 
for April over the course of the two year study (Table 3.1; Figure 3.14). There was a distinct 
peak in the mean density of Atlantic croaker in November (̅ݔ = 42.0	indiv./15m3, ݏ݀ = 177.4), 
which decreased sharply through December (̅ݔ = 13.5	indiv./15m3, ݏ݀ = 64.3)	and January 
(̅ݔ = 2.7	indiv./15m3, ݏ݀ = 7.3; Table 3.1). Despite encounters during all of the sample months 
except April, and particularly high densities sampled from October through December, nearly 
74% of the samples taken had no larvae. The above observations plus the general relationships 
between flood or ebb and day or night collections again yielded results indicative of pulsed 
recruitment into a well-mixed estuary.  
Controlling for presence/absence, flood tides had significantly higher densities (̅ݔ =
126.8	indiv./15m3, ݏ݀ = 337.6, Table 3.2) when compared with ebb (̅ݔ = 44.8	indiv./15m3, 
ݏ݀ = 117.2, ݌	 < 0.001, WMW; Figure 3.21), regardless of time of day. Nocturnal densities 
(Ebb: ̅ݔ = 8.8	indiv./15m3, ݏ݀ = 31.0; Flood: ̅ݔ = 7.8	indiv./15m3, ݏ݀ = 45.1) were smaller 
than day densities (Ebb: ̅ݔ = 14.2	indiv./15m3, ݏ݀ = 80.2; Flood: ̅ݔ = 16.7	indiv./15m3, 
ݏ݀ = 148.3, Table 3.3). However, when controlling for the presence or absence of larvae, there 
is no statistical difference between the nocturnal and daytime distributions (Table 3.2). Atlantic 
croaker daytime flood catches (̅ݔ = 162.4	indiv./15m3, ݏ݀ = 447.9),  were statistically greatest 
followed by nocturnal flood catches (̅ݔ = 86.4	indiv./15m3, ݏ݀ = 140.6, ݌ = 0.0081, K-W, 
118 
 
 
 
Table 3.4). Recruitment events for Atlantic croaker, therefore, seem to be more associated with 
tidal stage rather than circadian (i.e., day/night) cycles.  
 
Figure 3.21: Density as a function of tidal stage for larval Micropogonias undulatus. Flood tides 
had a significantly higher median value than ebb tides. Ebb tides, however, had more large 
outliers. Non-overlapping notches in the boxplot represent “strong evidence” of statistically 
different median values (Chambers et al. 1983). Different colors represent statistically different 
groups (WMW). 
 
 With respect to meteorological variables, such as net water transport, barometric 
pressure, and the interaction of barometric pressure and wind direction, all appear to have strong 
non-linear effects on Atlantic croaker density (Adj. R2 = 0.91, Table 3.5; Figure 3.22). Although 
net water transport appeared to affect the Atlantic croaker baseline mean density in the tidal pass, 
as with B. patronus, large scale variations in density were more a function of barometric pressure 
and wind direction. The interaction of wind direction and barometric pressure was controlled for 
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Figure 3.22: Model fit for the 1-dimensional terms of the GAM model for larval Micropogonias undulatus. Shaded areas represent 
95% confidence intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. 
Only positive effects on density are shown to better illustrate the individual effects of model terms. 
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Figure 3.23: Larval Micropogonias undulatus completed model and effect on density plotted as a contour map. Expected values are 
based on the complete model fit. Estimated density isolines as a function of barometric pressure and wind direction are shown in 
color. Areas where no plot is shown represent expected numbers of larvae within the tidal pass to be zero. The interaction is plotted 
individually for flood and ebb tidal stages. Histograms above contour plots represent percent frequency of wind direction during 
sampling.
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differences expected between flood and ebb tidal stages.  This interaction was significant 
(݌	 < 0.05, Chisq) for both tidal stages. During flood tides, large estuarine densities were mostly 
driven by southerly winds and coastal setup, particularly associated with mid to high barometric 
pressures (Figure 3.23). Flood tides also had high predicted Atlantic croaker densities during 
westerly winds and low barometric pressures associated with the early passage of frontal events. 
The primary effect on densities during ebb tides was most notable during westerly winds, at 
either low or high barometric pressures. To a much lesser extent, easterly and southeasterly 
winds associated with the late post-frontal and interim periods, were also influential during ebb 
tides. 
3.3.5 Anchoa hepsetus (broad-striped anchovy) 
 Broad-striped anchovy, Anchoa hepsetus, larvae are estuarine dependent and were 
collected during all months except for December and February (Table 3.1; Figure 3.14). 
However, densities were generally extremely small with only two months with relatively high 
densities in spring (April, ̅ݔ = 11.3	indiv./15m3, ݏ݀ = 35.9, Table 3.1) and early fall 
(September, ̅ݔ = 5.5	indiv./15m3, ݏ݀ = 29.7). This observed seasonality coincides with the 
expected summer spawning peak, with densities gradually increasing during spring and waning 
during fall. Although several collection densities were greater than 150 larvae per 15m3, most 
samples (93%) contained no broad-striped anchovy larvae.  
Mean densities of broad-striped anchovy were greater during flood (̅ݔ = 1.5	indiv./15m3, 
ݏ݀ = 14.3, Table 3.1) than ebb tides (̅ݔ = 0.9	indiv./15m3, ݏ݀ = 8.7; ݌ = 0.057,  WMW, Table 
3.2). Although night collection mean densities (̅ݔ = 1.2	indiv./15m3, ݏ݀ = 12.3, Table 3.1) were 
similar to day (̅ݔ = 1.1	indiv./15m3, ݏ݀ = 10.1), there were more positive collections during day 
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when controlling for presence/absence (Table 3.2). Interaction between time of day and tidal 
stage was not significant (Table 3.4), however, nocturnal floods had the highest densities 
(̅ݔ = 2.3	indiv./15m3, ݏ݀ = 19.5, Table 3.3). Further, nighttime collections occasionally had 
singular, extremely high densities, regardless of the prevailing tidal stage. In addition, there was 
also no discernible difference between surface and near-bottom densities. 
When accounting for the atmospheric/meteorological variables, the significant non-linear 
relationships were with net water transport, wind direction, wind speed, and barometric pressure 
(Table 3.5). These variables, while describing the meteorological effect from passage of winter 
fronts, generally were insufficient to describe a large portion of the variation in sampled densities 
of broad-striped anchovy (Adj. R2 = 0.34; Figure 3.24). High atmospheric pressures resulted in 
complete lack of any larvae, regardless of wind direction. Coupling wind speed with wind 
direction, peak density effects were associated with relatively rare high wind speeds, perhaps 
with a weak central tendency towards southerly wind patterns and mid to high barometric 
pressures (Figure 3.25).   
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Figure 3.24: Model Fit for 1-dimensional terms of the GAM model for larval Anchoa hepsetus. Shaded areas represent 95% 
confidence intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. Only 
positive effects on density are shown to better illustrate the individual effects of model terms. 
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Figure 3.25: Larval Anchoa hepsetus completed model and effect on density plotted as a contour map. Expected values are based on 
the complete model fit. Estimated density isolines as a function of wind direction and wind speed (left), and as a function of wind 
direction and barometric pressure (right), are shown in color. Areas where no plot is shown represent expected numbers of larvae 
within the tidal pass to be zero. Left histogram above contour maps shows percent frequency of wind speeds during sampling, while 
the histogram on the right shows wind direction percent frequency during sampling.
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3.3.6 Anchoa mitchilli (bay anchovy) 
 In contrast to A. hepsetus, Anchoa mitchilli, bay anchovy, is an estuarine-obligate species, 
whose spawning peak also occurs over the summer months (Table 3.1; Figure 3.14). Densities 
were generally large, and positive collections more numerous during the months of April 
(̅ݔ = 59.9	indiv./15m3, ݏ݀ = 279.2, Table 3.1), September (̅ݔ = 7.9	indiv./15m3, ݏ݀ = 22.3), 
and October (̅ݔ = 16.6	indiv./15m3, ݏ݀ = 108.7). However, there were collections of bay 
anchovy during all sample months with decreasing numbers of positive collections during 
winter, and 83% of all samples collected contained no bay anchovies.  
Surprisingly, flood tides collected significantly higher bay anchovy densities especially 
on the zero-truncated dataset (̅ݔ = 92.1	indiv./15m3, ݏ݀ = 281.8) than ebb (̅ݔ =
35.2	indiv./15m3, ݏ݀ = 167.1, ݌ < 0.001, WMW, Table 3.2). There was no significant 
difference between night and day densities (Table 3.2).  Controlling for presence/absence, 
nocturnal flood density estimates (̅ݔ = 137.9	indiv./15m3, ݏ݀ = 369.6, Table 3.4) were 
statistically higher than either ebb, but statistically indiscriminate from daytime flood densities 
(̅ݔ = 31.0	indiv./15m3, Figure 3.26).  
The same suite of meteorological terms (i.e., net water transport, wind direction, wind 
speed, and barometric pressure) was significant for A. mitchilli as for A. hepsetus (Table 3.5). 
Net water transport was highly significant (݌ < 0.01, Chisq), but the density effects were 
generally muted (i.e., density effects < 5; Adj. R2 = 0.32, Table 3.5), with minimal changes in 
density resulting from net water transport, and large peaks in expected density for specific 
conditions were absent (Figure 3.27). Considering the interactions of wind direction with wind 
speed and barometric pressure, multiple peaks of relatively high densities were associated with  
126 
 
 
 
 
Figure 3.26: Density of Anchoa mitchilli larvae as a function of tidal stage and time of day. 
Flood tides had more of an effect on density estimates than day or night collections. Non-
overlapping notches in the boxplots represent “strong evidence” of statistically different median 
values (Chambers et al. 1983), which represents the equivalent of a “visual” WMW. Different 
primary colors (yellow and blue) represent statistically different groups, while secondary colors 
(green) show similarities to both primary groups under Kruskal-Wallis test. 
 
both high and low barometric pressure; particularly with relatively high wind speeds (9 – 11 m/s) 
from the northwesterly through northeasterly quadrant. These wind directions correlate well with 
the end of declining tidal prism during the post-frontal phase (Figure 3.28).  Expectedly, due to 
the estuarine obligate nature of bay anchovies, these values correspond more with negative net 
transport events.
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Figure 3.27: Model fit for 1-dimensional terms of the GAM model for Anchoa mitchilli larvae. Shaded areas represent 95% 
confidence intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. Only 
positive effects on density are shown to better illustrate the individual effects of model terms. 
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Figure 3.28: Larval Anchoa mitchilli completed model and effect on density plotted as a contour map. Expected values are based on 
the complete model fit. Estimated density isolines as a function of wind speed and wind direction (left); as a function of barometric 
pressure and wind direction (right) are shown in color. Areas where no plot is shown represent expected numbers of larvae within the 
tidal pass to be zero. Left histogram above contour maps shows percent frequency of wind speeds during sampling, while the 
histogram on the right shows wind direction percent frequency during sampling.  
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3.3.7 Farfantepenaeus aztecus (brown shrimp) 
 Postlarval brown shrimp were sampled during all months of the study period (Table 3.1; 
Figure 3.14), having an expected peak from January (̅ݔ = 14.2	indiv./15m3, ݏ݀ = 52.7, Table 
3.1) through February (̅ݔ = 4.4	indiv./15m3, ݏ݀ = 16.0) and March (̅ݔ = 21.2	indiv./15m3, 
ݏ݀ = 59.1) with a sharp drop off in both the number of positive collections and mean densities 
during the month of April (̅ݔ = 0.2	indiv./15m3, ݏ݀ = 0.7). Notably, there was a second, smaller 
recruitment peak seen during September (̅ݔ = 2.5	indiv./15m3, ݏ݀ = 8.0, Table 3.1) which tailed 
off through November. Across both sample years, 77% of the samples contained no postlarval 
brown shrimp. 
Densities collected during flood tides (̅ݔ = 10.2	indiv./15m3, ݏ݀ = 40.1, Table 3.1), were 
greater than those collected during ebb tides (̅ݔ = 2.1	indiv./15m3, ݏ݀ = 14.7), and when 
controlling for presence/absence the difference was highly significant (Ebb: ̅ݔ =
11.4	indiv./15m3, ݏ݀ = 32.9; Flood: ̅ݔ = 61.5	indiv./15m3, ݏ݀ = 108.0, ݌ < 0.001, WMW, 
Table 3.2). The graphical methodology proposed by Chambers et al. (1983) also supports the 
difference between flood and ebb densities (Figure 3.29). Further, greater brown shrimp densities 
occurred during night (̅ݔ = 7.7	indiv./15m3, ݏ݀ = 35.4, Table 3.1) than day (̅ݔ =
2.4	indiv./15m3, ݏ݀ = 10.4), but the difference was non-significant (Table 3.2). The interaction 
between tidal stage and day/night was significant (݌ < 0.0001, K-W, Table 3.4), with flood 
densities dominant in the comparisons, despite some smaller differences between median 
densities for night and day samples (Figure 3.30). Night time ebb samples had some particularly 
high densities, but these were only a few singular events.  
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Figure 3.29: Density by tidal stage for Farfantepenaeus aztecus postlarvae. Flood tides have 
significantly higher density values than ebb. Non-overlaping notches between boxplots provide 
“strong evidence” of difference in median values between the groups (Chambers et. al 1983). 
Different colors represent statistically different groups (WMW). 
 
 
Wind direction, wind speed, and barometric pressure all had significant non-linear 
relationships for F. aztecus density estimation (Table 3.5). During ebb tides, density appeared to 
be most affected by low and high barometric pressures, and by winds from the northern quadrant 
(Figure 3.31). During flood tides, densities were most affected by low to mid-range atmospheric 
pressures. Winds from the southerly quadrant possibly associated with coastal setup during the 
pre-frontal phase showed the greatest effect on increases in density, again however, these 
fluctuations were small (i.e., ݊ < 5). In general, stronger wind speeds (> 8	݉/ݏ) were shown to  
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Figure 3.30: Density by tidal stage and day/night for Farfantepenaeus aztecus postlarvae. Flood 
tides, regardless of time of day, were significantly different from nocturnal collections on ebb 
tides. Different primary colors (yellow and blue) represent statistically different groups, while 
secondary colors (green) show similarities to both primary groupings under Kruskal-Wallis test. 
 
 
have the most potential for greater densities (5 – 10/15m3). Looking at the interaction of wind 
direction and barometric pressure, there were distinct frontal passage trends evident for both 
flood and ebb tides (Figure 3.32). During flood tides the greatest positive densities were 
correlated with northerly winds, and to a lesser extent southerly winds. These effects were more 
pronounced at lower and mid-range pressures, suggestive of pre-frontal and post-frontal periods. 
Ebb tide export saw the highest densities associated with northwesterly to northeasterly winds at 
both high and low pressures. Model fit, however, was generally insufficient to describe a large 
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Figure 3.31: Model fit for 1-dimensional terms of the GAM model for postlarval Farfantepenaeus aztecus. Shaded areas represent 
95% confidence intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. 
Only positive effects on density are shown to better illustrate the individual effects of model terms. 
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Figure 3.32: Postlarval Farfantepeanaeus aztecus completed model and effect on density plotted as a contour map. Expected values 
are based on the complete model fit. Estimated density isolines as a function of barometric pressure and wind direction are shown in 
color. Areas where no plot is shown represent expected numbers of larvae within the tidal pass to be zero. The interaction is plotted 
individually for flood and ebb tidal stages. Histograms above contour plots represent percent frequency of wind directions during 
sampling.
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amount of density differences (Adj. R2 = 0.34, Table 3.5), suggesting that other mechanisms 
besides winter frontal events may be influencing the recruitment of postlarval brown shrimp.    
3.3.8 Pogonias cromis (black drum) 
Black drum, Pogonias cromis, larvae were generally collected from December through 
March, with the highest densities taken in December (̅ݔ = 4.4	indiv./15m3, ݏ݀ = 25.0, Table 
3.1) and February (̅ݔ = 5.0	indiv./15m3, ݏ݀ = 24.8). Low densities were collected during 
October (̅ݔ = 0.02	indiv./15m3, ݏ݀ = 2.3, Table 3.1) and January (̅ݔ = 0.6	indiv./15m3, ݏ݀ =
3.3) which suggests either pulsed recruitment or patchiness issues perhaps confounded by only 
sampling January once per year. In particular during March, there was one event with a density 
in excess of 1000 individuals per 15m3 of water. There were no black drum taken during 
September, November, or April in either year of the study period (Table 3.1; Figure 3.14), and 
94% of all samples during the expected recruitment season contained zero larvae.  
In general, diurnal or tidal differences including their interactions did not elucidate any particular 
patterns or structure. Black drum, Pogonias cromis, showed no significant differences in density 
between flood (̅ݔ = 1.3	indiv./15m3, ݏ݀ = 13.3, Table 3.1) and ebb tides (̅ݔ = 2.1	indiv./15m3, 
ݏ݀ = 16.5) when accounting for presence/absence in sampled densities (Table 3.2). There was a 
similar lack of statistical difference between day and night densities (Table 3.2); however, zero 
inflated nocturnal collections (̅ݔ = 2.7	indiv./15m3, ݏ݀ = 19.5, Table 3.1) were almost seven 
times higher than during day (̅ݔ = 0.4	indiv./15m3, ݏ݀ = 2.8; Figure 3.33). The interaction of 
tidal stage and time of day showed the same trend, albeit non-significant when controlling for a 
patchy distribution, where larger densities occurred during nocturnal floods (̅ݔ =
72.0	indiv./15m3, ݏ݀ = 80.8, Table 3.4) and ebbs  (̅ݔ = 45.2	indiv./15m3, ݏ݀ = 73.2). However,  
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Figure 3.33: Density by time of sample collection for Pogonias cromis larvae. Despite higher 
median densities collected during nocturnal sampling efforts there was no significant differences. 
Different colors represent differences under WMW test. 
 
visual inspection of the medians suggested that higher probabilities of encountering large 
densities occurred only during nighttime floods with little differences between the other 
tidal/day-night stages (Figure 3.34).  
Although initial GAM model building determined net water transport to be significant, 
inclusion of wind direction and barometric pressure, both terms constrained by tidal stage, 
suggested the removal  of net water transport from the model (Adj. R2 = 0.49, Table 3.5). Winter 
storm fronts are a likely force controlling estuarine recruitment of black drum, since density 
peaked during the middle of winter and meteorological terms (i.e., wind direction and barometric  
136 
 
 
 
 
Figure 3.34: Density by tidal stage and time of day for Pogonias cromis larvae.  
Samples collected during nocturnal flood tides were not significantly different from all other 
groups despite a much larger median value. Different colors represent differences between 
groups under Kruskal-Wallis test. 
 
pressure) were significant in the final model. Low to mid-level atmospheric pressures, regardless 
of tidal stage, showed the highest increases in black drum density (Figure 3.35). For ebb tides, 
modest densities appeared to only be associated with winds from the southern and northern 
quadrants, whereas for flood tides and almost all wind directions showed strong density increases 
of approximately 25 - 30 larvae per 15m3 of water. Interaction of barometric pressure and wind 
direction (Figure 3.36) during flood tides showed a relatively strong linear prediction with lower 
atmospheric pressures across almost all wind directions. The increase in flood density is 
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Figure 3.35: Model fit for 1-dimensional terms of the GAM model for larval Pogonias cromis. Shaded areas represent 95% confidence 
intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. Only positive 
effects on density are shown to better illustrate the individual effects of model terms. 
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Figure 3.36: Larval Pogonias cromis completed model and effect on density plotted as a contour map. Expected values are based on 
the complete model fit. Estimated density isolines as a function of barometric pressure and wind direction are shown in color. Areas 
where no plot is shown represent expected numbers of larvae within the tidal pass to be zero. The interaction is plotted individually for 
flood and ebb tidal stages. Histograms above contour maps represent percent frequency of wind directions during sampling.
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most pronounced during low pressures and winds out of the eastern and southern quadrants 
associated with coastal setup during the pre-frontal phase of winter frontal passage, and also 
during passage of the actual front with the associated westerly and northerly winds. During ebb 
tides, the structure of the interaction between barometric pressure and wind direction supported 
higher densities associated with post-frontal northerly winds, and to a lesser extent the coastal 
setup caused by southerly winds.  
3.3.9 Sciaenops ocellatus (red drum) 
 Red drum larvae were only sampled during the early fall months, September and October 
(Table 3.1; Figure 3.14). The reduction in average density from September (̅ݔ =
50.0	indiv./15m3, ݏ݀ = 280.4, Table 3.1) to October (̅ݔ = 0.8	indiv./15m3, ݏ݀ = 4.2) was 
exceptionally large, indicative of their truncated spawning season (i.e., Aug. – Sept.). September 
also had a much higher range of densities, and very few non-zero collections. The bulk of the 
empty collections (84%) occurred during October, particularly during the second sampling trip. 
For S. ocellatus, effective estuarine recruitment was seen with the highly significant 
greater differences (݌ < 0.003, WMW, Table 3.2) in flood densities (̅ݔ = 38.9	indiv./15m3, 
ݏ݀ = 245.8, Table 3.1) versus ebb (̅ݔ = 0.4	indiv./15m3, ݏ݀ = 2.8). In addition, nocturnal red 
drum densities (̅ݔ = 27.6	indiv./15m3, ݏ݀ = 207.1, Table 3.1) were greater, and had a higher 
degree of dispersion than day (̅ݔ = 0.5	indiv./15m3, ݏ݀ = 2.9, Table 3.1; ݌ = 0.087, WMW, 
Table 3.2). There was also a near-significant interaction of tidal stage and day/night, where 
nocturnal, flood densities were far greater (i.e., two orders of magnitude) than any other diurnal-
tidal category (̅ݔ = 242.0	indiv./15m3, ݏ݀ = 614.1, ݌ = 0.0832, K-W, Table 3.4; Figure 3.37). 
There was no significant difference between surface and near-bottom collections. 
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Figure 3.37: Density by tidal stage and time of day for Sciaenops ocellatus larvae. Nocturnal 
densities on flood tides had the largest median value, and were significantly different from 
samples collected during daytime ebb tides. Different colors represent differences between 
groups under Kruskal-Wallis test. 
 
 Both wind direction and barometric pressure were significant non-linear parameters in 
density estimation for red drum (Table 3.5). Red drum densities, however, were not wholly 
driven by meteorological forces, as the model only explained a moderate to low amount of the 
variation (Adj. R2 = 0.39).  A wide range of low-mid barometric pressures, 1011 through 1024 
mBar, showed expected increases in density of approximately 50 larvae per 15m3 of water 
filtered (Figure 3.38). Further, wind directions associated with the western quadrant, and to a 
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Figure 3.38: Model fit for 1-dimensional terms of the GAM model for larval Sciaenops ocellatus. Shaded areas represent 95% 
confidence intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. Only 
positive effects on density are shown to better illustrate the individual effects of model terms. 
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Figure 3.39: Larval Sciaenops ocellatus completed model and effect on density plotted as a contour map. Expected values are based 
on the complete model fit. Estimated density isolines as a function of barometric pressure and wind direction are shown in color. 
Areas where no plot is shown represent expected numbers of larvae within the tidal pass to be zero. Histogram above the contour map 
represents percent frequency of wind direction during sampling.
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lesser extent the southern quadrant modestly affected expected densities. The interplay between 
atmospheric pressure and wind direction predicted increased density along similar trends (Figure 
3.39). During both low and mid-range atmospheric pressures, increases in expected density were 
primarily associated with westerly winds as well as winds out of the southeast to southern 
quadrants.  When taking into account the large disparity in flood versus ebb densities, it appears 
that peak densities of larvae entering the estuary associated with westerly winds across a range of 
pressures suggests that early passage of fronts and southeasterly and southerly winds associated 
with coastal setup during the normal (interim) or prefrontal phases appear to represent the best 
opportunity for estuarine recruitment of red drum. 
3.3.10 Cynoscion arenarius (sand seatrout) 
Sand seatrout, Cynoscion arenarius, larvae were collected during all months except for 
January (Table 3.1; Figure 3.14). Densities in September were the largest (̅ݔ = 18.3	indiv./15m3, 
ݏ݀ = 42.4, Table 3.1) and sharply dropped off in October (̅ݔ = 1.5	indiv./15m3, ݏ݀ = 7.1), but 
there was an indication of spawning onset in the spring starting in March (̅ݔ = 3.1	indiv./15m3, 
ݏ݀ = 9.6) and April (̅ݔ = 7.1	indiv./15m3, ݏ݀ = 17.2). All other months had very low densities 
in comparison, and overall, 84% of the samples contained zero sand seatrout larvae.  
 There were significant differences between flood (̅ݔ = 5.4	indiv./15m3, ݏ݀ = 23.1) and 
ebb densities (̅ݔ = 1.2	indiv./15m3, ݏ݀ = 4.5, Table 3.1; ݌ < 0.001, WMW, Table 3.2). 
Although there were apparent differences between nocturnal densities (̅ݔ = 3.7	indiv./15m3, 
ݏ݀ = 19.1, Table 3.1) and those collected during the day (̅ݔ = 1.8	indiv./15m3, ݏ݀ = 7.2), the 
differences were not significant when controlling for the patchy distribution (Table 3.2). The 
interaction of the diurnal-tidal factors showed a similar trend, where flood tides were more likely 
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to encounter extremely high densities, regardless of time of day (Tables 3.3 and 3.4; Figure 
3.40).  
 
Figure 3.40: Larval Cynoscion arenarius density by tidal stage and time of day. There is a lack 
of statistical difference between the groups. Samples collected on flood tides did, however, have 
higher median densities than those on ebb tides. Different primary colors (yellow and blue) 
represent statistically different groups, while secondary colors (green) show similarities to both 
primary groups under Kruskal-Wallis test. 
 
  Net water transport, wind direction, wind speed and barometric pressure were highly 
significant (݌ < 0.008, Chisq) in the GAM model describing sand seatrout densities (Table 3.5). 
Controlling for tidal stage was significant in explaining the effects wind direction and barometric 
pressure had on density, however, the model accounted for little variability based on 
meteorological terms (Adj. R2 = 0.37).  Higher net water transport and winds exerted minor  
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Figure 3.41: Model fit for 1-dimensional terms of the GAM model for larval Cynoscion arenarius. Shaded areas represent 95% 
confidence intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. Only 
positive effects on density are shown to better illustrate the individual effects of model terms. 
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Figure 3.42: Larval Cynoscion arenarius completed model and effect on density plotted as a contour map. Expected values are based 
on the complete model fit. Estimated density isolines as a function of barometric pressure and wind direction are shown in color. 
Areas where no plot is shown represent expected numbers of larvae within the tidal pass to be zero. The interaction is plotted 
individually for flood and ebb tidal stages. Histograms above contour maps represent percent frequency of wind directions during 
sampling.
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influences on sand seatrout densities (Figure 3.41). Wind direction showed the greatest effect on 
density, in particular during ebb tides when southerly winds associated with coastal setup 
showed high densities (20 indiv./15m3) with generally low variability around the estimates. 
During flood tides, densities increased when winds were in the western quadrant. Low to mid-
level barometric pressures supported slight increases in density as well. Looking at the 
interaction of barometric pressure and wind direction (Figure 3.42), southerly winds during ebb 
tides with low and high barometric pressures appear to have the greatest effect on density. Flood 
tides had slightly smaller increases in density, associated with northwesterly winds, with low 
(and to a lesser degree medium) atmospheric pressures, which correlate to periods immediately 
after passages of fronts.  
3.3.11 Cynoscion nebulosus (spotted seatrout) 
Cynoscion nebulosus, spotted seatrout, have a traditional spawning season during the 
summer with a recruitment peak in late summer and early fall (Table 3.1; Figure 3.14).  As a 
result, spotted seatrout were collected only during September (̅ݔ = 1.4	indiv./15m3, ݏ݀ = 6.1, 
Table 3.1) and October (̅ݔ = 0.1	indiv./15m3, ݏ݀ = 1.0). Overall, 91% of the samples during the 
expected recruitment season contained zero larvae. In contrast to C. arenarius, the lack of C. 
nebulosus larvae during spring sampling indicateed onset of spawning season occurring after mid 
to late April.  
Spotted seatrout densities for flood tides (̅ݔ = 0.9	indiv./15m3, ݏ݀ = 5.3, Table 3.1) were 
significantly greater (݌ < 0.009, WMW, Table 3.2), than those for ebb (̅ݔ = 0.3	indiv./15m3, 
ݏ݀ = 1.3). Day mean densities (̅ݔ = 0.7	indiv./15m3, ݏ݀ = 2.4, Table 3.1) were slightly higher 
than nocturnal densities (̅ݔ = 0.4	indiv./15m3, ݏ݀ = 4.3), which displayed high variances and 
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more zero collections. The interaction of tidal stage and day/night was significant (݌	 < 0.032, 
Table 3.4), and lent support to the importance of tidal stage, regardless of time of collection 
(Table 3.3). In particular, night flood densities had the highest median value, and were 
significantly different from all other groups (Figure 3.43). 
 
Figure 3.43: Density by tidal stage and time of sample collection for Cynoscion nebulosus larvae. 
Median densities for flood tides were greater than those during ebb tides. Night flood densities 
were statistically greater than all other groups, despite second quartile overlap with daytime 
flood densities. Different colors represent differences between the groups under Kruskal-Wallis 
test. 
 
Spotted seatrout did not have a significant model that included much evidence of the 
influence of winter frontal passages, since the significant terms did not include barometric 
pressure. The simplest model, which explained the low density variation, however, did include 
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Figure 3.44: Model fit for the 1-dimensional terms of the GAM model for larval Cynoscion nebulosus. Shaded areas represent 95% 
confidence intervals around the model fit represented by the black line. Tick marks on the x-axes represent actual observations. Only 
positive effects on density are shown to better illustrate the individual effects of model terms.  
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Figure 3.45: Larval Cynoscion nebulosus completed model and effect on density plotted as a contour map. Expected values are based 
on the complete model fit. Estimated density isolines as a function of wind speed and wind direction is shown in color. Areas where 
no plot is shown represent expected numbers of larvae within the tidal pass to be zero. The histogram above the contour map 
represents the percent frequency of wind directions during sampling.
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wind direction (݌ < 0.052, Chisq) and wind speed (݌ < 0.003, Chisq; Adj. R2 =0.38, Table 3.5). 
Very small sand seatrout density increases (< 5), occurred with low winds from the north and 
northeasterly quadrants, and to even a lesser extent from the south (Figure 3.44). Looking at 
wind speed and wind direction interactions (Figure 3.45), the same weak trend appeared, where 
low density affects occured during postfrontal and interim periods with very low wind speeds 
and a shifting wind field from the northerly to easterly, and ultimately to southerly winds early in 
the cold front season. 
3.3.12 Paralichthys lethostigma (southern flounder) 
Southern flounder were only encountered once in September and January (Figure 3.14). 
The one January collection contained only one fish (̅ݔ < 1	indiv./15m3). The September 
collection was composed of a single sample having a density of 587 individuals per 15m3  
(ܰ = 80) and taken during a nocturnal flood tide. The January individual was also collected on a 
flood tide, but during daylight. No attempt was made to model this species.  
3.4 Discussion 
3.4.1 Hydrography 
 Bayou Tartellan tidal pass was well-mixed having no statistical difference 
between surface and near-bottom measured water temperature or salinity; however, there were 
significantly lower dissolved oxygen concentrations near-bottom. Water temperature and salinity 
variation depended on the tidal cycle, suggesting a horizontally stratified system similar to other 
estuaries along the northern Gulf coast (Turner et al., 1987; Li et al., 2009). Frontal events 
occurring during our four-day sampling period produced more variability in water temperature. 
This suggests atmospheric events may have a considerable small-scale temporal effect, which 
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supports results from previous studies, i.e., although the passage of winter cold fronts can rapidly 
increase vertical mixing, their cold air temeratures can also rapidly decrease water temperatures 
in these shallow estuaries (Walker and Hammack, 2000; Kineke et al., 2006). Low daytime, 
near-bottom dissolved oxygen measurements have been also reported for estuaries from Florida 
to Texas along the northern GOM (Engle et al., 1999).  
  Generally throughout most of the year, the northern GOM is dominated by winds out of 
the SE-S-SW quadrant, which leads to coastal setup and higher seasonal estuarine water levels 
especially during the late spring and summer. During our study, increases in measured tidal 
height compared to the expected diurnal tidal cycle were generally associated with the interim or 
pre-frontal phase of winter cold fronts and predominant southerly winds, mirroring results from 
previous studies (Moeller et al., 1993; Li et al., 2011). Longer time periods between fronts 
resulted in more coastal setup during the interim or pre-frontal phase, and subsequent larger 
positive differences between measured and expected tidal heights. For example, during the  25th -
29th October 2006 sampling effort, tidal height increased nearly 35 cm, water temperature 
increased from 18.9 °C to 23.9 °C, and salinity increased from 29.7 ppt to 30.9 ppt (Figure 3.15). 
Moreover, the pre-frontal phase of winter cold fronts had warmer air temperatures, warmer water 
temperatures, increased water levels in the estuary, and higher salinities more indicative of GOM 
coastal shelf waters (Pitts, 1989; Moeller et al., 1993; Li et al., 2011). With the exception of 
April 2008, salinities at our sampling station remained relatively high due to the proximity of the 
sampling location to the GOM and the normal lack of freshwater head in the estuarine system 
above Bayou Tartellan. 
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The decreasing water temperature, air temperature, and salinity during the post-frontal 
phase correlate to atmospheric cooling and flushing of the rain-engorged shallow, north/south 
oriented estuarine waters above Bayou Tartellan. During cold front passage, differences between 
measured and expected tidal height were negative 67% of the time, indicating that the expected 
mass balance of normal astronomical tides was temporarily overrode by the NW-N-NE wind 
field disproportionately driving water out of the estuary. During the post-frontal phase 
encountered during 25th- 29th October 2006, tidal height decreased nearly 40 cm, water 
temperature decreased almost 3 °C, and salinities decreased to less than 28 ppt (Figure 3.15). 
Although temperature and salinity continued to rise during the initial passage of the front due to 
continued transport momentum from the previous coastal setup, it decreased after the rotation in 
wind direction had enough time to reverse the system. Previous studies have also shown 
northerly winds during the post-frontal phase having similar effects of increased flushing on 
estuarine tidal prisms (Moeller et al., 1993; Li et al., 2009).  
3.4.2 General Zoo-/Ichthyoplankton 
 The lack of difference between surface and near-bottom zoo/-ichthyoplankton densities is 
supported by the lack of difference in vertical hydrographic structure within this well-mixed tidal 
pass. Observed total densities were dependent on tidal stage and source waters, with little 
difference in total density resulting from depth or time of day (or depth). The effect of tidal 
stage, and associated directional flows, controlling the accumulation of larvae within the estuary 
has been previously reported (Lyczkowski-Shultz et al., 1990; Joyeux, 1999; Stunz and Reese, 
2008; Flores-Coto et al., 2010). Recruitment was pulsed, and although a large majority of the 
samples contained zoo-/ichthyoplankton, individual species experienced much lower positive 
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encounter rates (i.e., ݎܽ݊݃݁ = 53%− 7%, excluding southern flounder). Recruitment pulsing 
being a function of individual species spawning preference, differing recruitment corridor 
lengths, coastal current variability, density fronts, connectivity between environments, climate 
forcing, tidal mixing, and multiple other factors (Shaw et al., 1988; Parker et al., 1995; Quinlan 
et al., 1999; Able, 2005).  
 Coastal setup driven by southerly winds during the interim or pre-frontal phase, 
conditions expected to be favorable for recruitment (Shaw et al., 1988; Joyeux, 1999; Brown et 
al., 2004; Comyns and Lyczkowski-Shultz, 2004), were irregular, periodic, and less numerous 
than unfavorable conditions (i.e., extended ebb tides or flushing during the post-frontal phase). 
For example, southeasterly and southerly winds during the interim or pre-frontal phases showed 
favorable recruitment conditions for B. patronus and M. undulatus larvae spawned offshore, but 
accounted for approximately only 18% of all wind directions measured during sampling within 
this study. The net recruitment of larvae exhibited by significantly larger densities collected on 
flood tides, particularly associated with southerly winds, may indicate the significance of these 
irregularly periodic (i.e., pulsed) events positively effecting overall recruitment potential. 
Previous studies have also shown that recruitment is strongly influenced by winds and 
environmental conditions, which drive circulation of water masses along the coat and within tidal 
passes (Checkley et al., 1988; Hare et al., 1999). 
3.4.3 Species with High Atmospheric Forcing  
B. patronus and M. undultaus spawn further offshore than most other species analyzed, 
which creates a longer larval recruitment corridor, and perhaps increasing their reliance on 
atmospheric forcing to transport their larvae from spawning grounds to tidal passes (Shaw et al., 
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1988; Comyns and Lyczkowski-Shultz, 2004). In this study, B. patronus and M. undulatus 
showed the highest transport model fit of all species analyzed (0.92 and 0.91 Adjust R2, 
respectively), with mostly pulsed recruitment being indicated by the relatively low number of 
zero catches (47% and 74%, respectively). Spawning depth for B. patronus is reported to be 90 
meters and shallower (Whitehead, 1985), and that depth may become deeper (i.e, spawning 
location moving further offshore) the longer the season progresses (Vaughan et al., 2007).  M. 
undulatus typically has a spawning depth of 54 meters or shallower, with some portion of the 
population moving inshore towards the estuaries to complete spawning at the end of the season 
(Barbieri et al., 1994).  The longer recruitment corridor for these two species may lead to some 
homogenization of their spawning/recruitment pulses by averaging out some of the variable and 
cumulative effects of hydrographic flows across temporal and spatial patchiness (Sclafani et al., 
1993), therefore, leading to the higher encounter rates within the tidal pass. 
Transport model results indicated passage of winter cold fronts to be highly important for 
successful estuarine recruitment of B. patronus and M. undulatus. The late October/November 
peak densities for both species had a minimum of four front passages occurring in each month 
for each year of the study (Figures 3.4, 3.5). Although both showed similar density peaks during 
October and November, with densities gradually decreasing through the spring, B. patronus had 
a secondary, smaller density peak in March. While sampling on the western Louisiana 
continental shelf, Shaw et al. (1985) indicated a density peak in B. patronus larvae during 
February with highest egg densities found in December, but sampling only encompassed 
December through April.  Notably, the collection of B. patronus larvae during September is an 
earlier estuarine recruitment than previously indicated (Ruple, 1984). Sampled densities of M. 
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undulatus larvae, with an October/November peak, correspond well to the reported July through 
December spawning season, and late summer or fall peak in recruitment (Warlen and Burke, 
1990; Barbieri et al., 1994). The lack of April estuarine samples for both species may be a 
reflection of winter frontal events weakening at the end of the storm season. 
There was net recruitment of B. patronus and M. undulatus larvae through the tidal pass 
as flood collections were significantly greater than ebb. However, there were no statistical 
differences between surface and near-bottom densities for either species, possibly reflecting the 
effects of a well-mixed tidal pass, which would likely negate vertical movement under selective 
tidal stream transport (STST) as a recruitment mechanism. The lack of vertical stratification and 
STST evidence have been reported for other well-mixed estuaries along the northern GOM 
(Lyczkowski-Shultz et al., 1990; Bianchi et al., 1997; Chesney et al., 2000; Lipp et al., 2001; 
Brown et al., 2004). However, B. patronus larvae did show some evidence of diel vertical 
migration with greatest densities taken during nocturnal floods which has been reported 
previously (Shaw et al., 1988; Raynie, 1991; Govoni, 1997). Although no diel vertical migration 
was found for M. undulatus within the tidal pass, such vertical movement has been seen offshore 
(Comyns and Lyczkowski-Shultz, 2004). 
Coastal setup from the prefrontal phase is the probable dominant force for recruitment of 
B. patronus and M. undulatus through the tidal pass. Density peaks were evident for both species 
at mid-high barometric pressure during southerly winds on flood tides, but M. undulatus had a 
much stronger signal (Figures 3.20, 3.23). Interestingly, density peaks during passage of winter 
cold fronts, with low to mid-barometric pressures and winds switching from southerly to 
westerly, were also indicative of both species. The lack of parity in density peaks for M. 
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undulatus between flood and ebb tides and day vs. night may also allude to a tidal recruitment 
cue triggering larval vertical movement in the water column as suggested in estuaries along the 
U.S. East Coast (Hare and Able, 2007; Love et al., 2009), and differs from previous work where 
significantly more larvae were found during flood tides (Raynie, 1991). There was no indication 
of high flood densities associated with easterly winds and onshore Ekman transport for either 
species.  
Negative estuarine recruitment from wind-forced estuarine flushing during the post-
frontal phase, with high barometric pressure and northerly winds was not great for both species. 
B. patronus showed near zero densities for these wind events, except during ebb tides. M. 
undulatus density peaks associated with the post-frontal phase, however, were evident on both 
flood and ebb tides, with flood tides having smaller density peaks than the corresponding ebb 
tides. The flood tide peak for M. undulatus at barometric pressures above 1035 mBar for 
northerly winds suggested stronger fronts may have a disproportionate effect by stacking up 
larvae in Bayou Tartellan.  Stronger fronts have been shown to cause more severe reductions in 
the tidal prism, limiting the chance for larvae to recruit far enough up estuary to avoid strong 
outflows (Whitfield, 1989; Schultz et al., 2003), and larger larvae may be more able to move 
horizontally to facilitate retention by utilizing flow differentials at channel edges due to 
boundary conditions (Beckley, 1985; Whitfield, 1989; Schultz et al., 2003).  
3.4.4 Species with Moderate Atmospheric Forcing 
During this study, black drum recruitment was heavily pulsed, with no larvae taken in 
94% of the samples collected during the expected recruitment season. Black drum traditionally 
spawn between coastal depths of approximately 10 to 50 feet in areas with high water movement, 
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or occasionally near or within estuarine mouths provided depth requirements can be met 
(Nieland and Wilson, 1993; Saucier and Baltz, 1993; Able and Fahay, 1998). Although P. cromis 
was sampled in all months except September, November, and April, densities peaked during 
December and February, with a relatively quick drop-off in mean density during March. Saucier 
and Baltz (1993) found P. cromis larvae densities to be less pulsed, with more regular 
recruitment of larvae during the spring months. However, the spawning season for black drum 
has been reported to be highly variable, with large differences in peak spawning months 
(Murphy and Taylor, 1989; Peters and McMichael, 1990; Fitzhugh et al., 1993; Saucier and 
Baltz, 1993). 
This protracted spawning season increases the likelihood of encounters with winter cold 
front passages, which may account for a transport model fit greater than the remainder of the 
other species analyzed (Adj. R2 = 0.49). Atmospheric forcing had some demonstrative effects on 
predicted densities of P. cromis. Wind direction and barometric pressure were significant, and 
depended on tidal stage as individual factors.  During ebb tides, densities associated with 
southerly winds at approximately 1020 mBar, indicative of the pre-frontal phase, likely stacked 
up larvae in the face of the astronomical tidal signal. In addition, modest densities during ebb 
tides were also associated with northerly winds at around the same barometric pressures, likely a 
result of larvae being flushed from the estuary.  
During flood tides, P. cromis densities appeared to respond to barometric pressures less 
than 1020 mBar and northeasterly, easterly, and southerly winds, suggesting Ekman transport 
and coastal setup after the post-frontal phase may be an important recruitment mechanism. The 
difference between flood and ebb tidal density patterns implies partial decoupling of black drum 
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recruitment from atmospheric forcing, when normal hydrographic flows such as any flood tide, 
or other wind-driven forcing can overcome outwelling during ebb tides.  
3.4.5 Low Atmospheric Forcing – Inner Continental Shelf Spawners 
 Two sciaenids, C. arenarius and S. ocellatus, and F. aztecus had similar transport model 
results, with red drum having slightly higher model fit (Adj. R2 = 0.39) than either sand seatrout 
(Adj. R2 = 0.37) or postlarval brown shrimp (Adj. R2 = 0.34).  In Louisiana, S. ocellatus spawn 
in shallow waters on the inner continental shelf or within the estuarine mouth (Wilson and 
Nieland, 1994; Nieland et al., 2002). For the other two species within this category, F. aztecus 
and C. arenarius, there was a degree of overlap between the spawning depths. Most brown 
shrimp typically spawn in depths less than 40 meters, but spawning can range from 25 and 110 
meters (Cook and Lindner, 1970; Ditty et al., 1988). Cynoscion arenarius spawn at wide range 
of depths, i.e., 7 to 90 meters, however, the highest percentages of older gravid females are found 
at depths between 50 and 70 meters (Sutter and McIlwain, 1987).  These offshore depths lead to 
a longer recruitment corridor, which is evident in the shelf-to-estuary transit time for C. 
arenarius larvae being 30-94 days and subject to cross-shelf transport similar to B. patronus and 
M. undulatus (Shaw et al., 1988). 
The recruitment season for both C. arenarius, S. ocellatus, and F. aztecus differ in the 
timing of peak densities and the structure of the dominant atmospheric forces across their 
respective seasons. Although F. aztecus was sampled during all months of the study, there were 
two density peaks, the primary one during winter with highs in January and March and a much 
smaller, secondary peak in September. This second minor peak may not always be present as it is 
in Texas waters (Benefield, 1982) and like other shrimp species could be brought on by 
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variations in offshore water temperature (Boddeke, 1982). Lack of model fit for S. ocellatus is 
probably a result of its truncsted spawning and recruitment season, typically from August 
through early October (Wilson and Nieland, 1994; Rooker and Holt, 1997; Holt, 2008; Arnott et 
al., 2010), when the chance of strong, regular atmospheric events are minimal. The major density 
peak for S. ocellatus (~ 300 indiv./15m3) related to normal coastal setup caused by southerly 
winds, from approximately 160° to 200°, along a range of barometric pressures, between 1012 
and 1024 mBar (Figure 3.33, 3.34). In contrast, C. arenarius displayed protracted spawning with 
peak densities coming in late summer/early fall (Ditty et al., 1988). The rising densities during 
March and April, with still high densities in September, represent the beginning and end of this 
recruitment season, respectively. While the waning, extremely low, and zero collections during 
the winter (i.e., November – February) for C. arenarius provide an explanation for lack of model 
fit, the increased numbers of postlarval F. aztecus that were collected during interim periods 
between winter frontal events (i.e., variable slow winds, medium barometric pressures) likely led 
to its decreased model fit, i.e., explained variability. 
  Although atmospheric effects for both species during flood tides had some similarity, 
differences existed in the magnitude and number of density impacts. In light of low model fits, 
C. arenarius during flood tides had a single modest density peak associated with northwesterly 
winds correlating to the period during the prefrontal phase, when the normal tidal prism is 
beginning to decrease, and the pending outwelling is likely to begin stacking up larvae recruited 
into the tidal pass (Figure 3.40, 3.41). The major difference in flood tide for F. aztecus was the 
presence of multiple density impacts associated with southerly as well as northerly winds across 
a range of barometric pressures, showing the importance of both astronomical and atmospheric 
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forces working in concert (Horton, 1998). This utilization of the flood tidal stage correlates well 
to established endogenous tidal activity rhythms for postlarval brown shrimp (Hughes 1972; 
Matthews et al., 1991). The ebb tide density peak for C. arenarius related to coastal setup from 
southerly winds, likely overriding the astronomical tidal regime. This result for C. arenarius is 
not dissimilar from other species in the analysis with similar seasonal recruitment peaks and 
spawning depths.  
3.4.6 Low Atmospheric Forcing – Shallow Water Spawners 
The degree of variability explained within transport models for A. hepsetus (Adj. R2 = 
0.34), A. mitchilli (Adj. R2 = 0.32), and C. nebulosus (Adj. R2 = 0.38), was also relatively low. 
Along with traditional spawning peaks that would have limited encounter with winter cold front 
events, A. hepsetus, S. ocellatus, and C. nebulosus spawn near-shore in approximately 10 meters 
of water or less (Ditty et al., 1988; Whitehead et al., 1988; Lapolla, 2001). Anchoa mitchilli, 
being estuarine obligate, represents a specific case (Zastrow et al., 1991). The shallow depths, 
proximal location to the tidal pass, and spawning seasons with weak or no atmospheric frontal 
events partially explain the low degree of frontal forcing for these species.  
3.4.7 Low Atmospheric Forcing – Anchoa Congenerics 
Although both A. hepsetus and A. mitchilli were sampled during most months of the 
study, samples collected during April and September/October had the greatest densities and the 
most non-zero collections. In particular, peak broad-striped anchovy densities during September 
flood tides, and peak bay anchovy densities during April ebb tides, show the estuarine dependent 
and estuarine obligate nature of the two species, respectively. Furthermore, they also illustrate 
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the low probability of the importance of atmospherically-driven hydrographic flows as indicated 
by the low strength and limited number of winter frontal events during these months. 
Despite low model fits for A. hepsetus (Adj. R2 = 0.34) and A. mitchilli (Adj. R2 = 0.32), 
the effects of wind direction on estuarine obligate versus estuarine dependent strategies were 
apparent. For example, coastal setup during southerly winds, and to a lesser extent Ekman 
transport from southeasterly winds, had a greater predicted influence on A. hepsetus densities 
(Figure 3.24). The estuarine-dependent nature of broad striped anchovy, with the need for 
estuarine recruitment from coastal spawning grounds suggested that easterly to southerly and 
northeasterly winds might be an important mechanism. A. mitchilli also exhibited greater 
densities associated with northeasterly and northwesterly winds, but southerly winds had a very 
limited expectation of encountering larvae (Figure 3.27). Being estuarine obligate, the 
expectation would be to only see bay anchovy larvae in the tidal pass during the flushing of these 
north/south trending estuaries by wind fields from the northern quadrant (Lyczkowski-Schultz et 
al., 1990). Differences in barometric pressure and wind speed on A. mitchilli larval densities also 
highlighted the dichotomy of estuarine obligate, where high densities of A. mitchilli were 
predicted at much lower and higher atmospheric pressures and moderate wind speeds (Figures 
3.23, 3.24).  
3.4.8 Low Atmospheric Forcing – The Other Sciaenid 
 Limited encounters due to spawning season and low atmospheric forcing existed for the 
other sciaenid, C. nebulosus. Spotted seatrout traditionally spawn during the summer (Holt et al., 
1985; Saucier et al., 1992) which did not overlap very much with our sampling period. However, 
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the months of encounter (September and October) were the same as S. ocellatus, yet presented a 
lower model fit and a different explanation. 
Southerly winds produced low density predictions for C. nebulosus at extremely low 
wind speeds. The necessity for spawning locations with higher current velocities for C. 
nebulosus (Saucier and Baltz, 1993), suggest normal tidal regimes occasionally enhanced by 
coastal setup may be an important driver for species with small to virtually no recruitment 
corridors. This parallels similar findings for other species with short recruitment corridors in this 
analysis, such as A. hepsetus. Life history characteristics for C. nebulosus, however, suggest the 
larvae are more developed at the time of recruitment into the tidal pass than S. ocellatus larvae 
(Baltz et al., 1998). If this is the case, C. nebulosus may be more likely to resist the relatively 
short lived out going flows, due to low percentages of westerly winds, during Ekman transport 
offshore.  
3.5 Conclusions 
The passage of winter frontal events was demonstrated to have variable effects on the larval 
recruitment of estuarine-dependent larvae and the retention of estuarine-obligate larvae with their 
ultimate fate being controlled by a combination of astronomical and meteorological forces 
(Brown et al. 2004; Lyczkowski-Shultz 2004; Johnson et al. 2009). Differences occurred not 
only between family and genera, but there were also differences within congenerics. In general, 
similarities within life history strategy, recruitment dynamics associated with the length of the 
transport corridor (i.e., spawning depth or distance from shore), and species- specific responses 
to atmospheric forcing within this microtidal, northern GOM tidal pass were determinant in 
predicting the importance of meterological forcing. For most species analyzed, atmospheric 
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factors appeared to be only minimally important and not overly determinant in successful 
recruitment. 
 The lack of significant differences between surface and bottom zoo-/ichthyoplankton 
densities and similarities in hydrographic parameters between surface and near-bottom 
measurements suggests vertical movement under STST as an ineffective strategy for transport 
through and retention within this well-mixed tidal pass. Virtually all species in the analysis (the 
exceptions being gulf menhaden and Atlantic croaker) exhibited a very high degree of 
recruitment pulsing, as evidenced by the very large portion of zero collections. This pulsing 
partially accounts for low model fits where the probability of encounter with larvae in the tidal 
pass is dependent on specific variables such as spawning location, patch dynamics along density 
fronts, and other factors not included in the model analysis. Individual based models (IBMs) or 
zero inflated models (ZIMs) may help to account for this variation in pulsing and provide greater 
stability by reducing unexplained or immeasurable variability in future analyses.  
 Those species with similar life history patterns tended to have similar degrees of model 
fits and predicted density responses to atmospheric forcing within the transport model. While 
having the highest model fits, both B. patronus and M. undulatus have somewhat protracted, 
over winter spawning and recruitment seasons, and spawn in deeper continental shelf waters than 
other species analyzed. The moderate level of model fit for P. cromis is likely bolstered from its 
protracted, over-winter spawning season, which provided increased encounters with winter cold 
fronts, but is perhaps decreased somewhat by the seasonal variability in spawning depth or 
distance from shore. Although F. aztecus and C. arenarius have relatively similar spawning 
depths and locations with respect to the tidal pass as compared to B. patronus and M. undulatus, 
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their peak spawning and recruitment seasons offer at least a partial explanation for the lack of 
highly significant atmospheric forcing. All other species in the analysis that had low model fits 
spawn in shallow coastal waters, some even within the estuary or tidal pass itself, and have 
traditional spawning peaks that would limit interaction with strong winter frontal events. 
The strong atmospheric forcing leading to a reduced or negative tidal prism during the 
postfrontal phases of winter frontal events within these shallow, well-mixed estuaries was 
important for many species. The westerly wind fields and low atmospheric pressures, despite 
their rarity during sampling, modeled density peaks for most species analyzed. The occurrence of 
these peaks even during flood tides is perhaps a function of atmospheric forces overriding the 
prevailing microtidal regime. Most species showed density peaks associated with northerly 
winds resulting in flushing of the estuary even during flood tides. The density peaks for B. 
patronus and M. undulatus at low barometric pressures during westerly and northwesterly winds, 
and high barometric pressures during northerly winds highlight the effect of passage of a front 
and the post frontal phase on these negative estuarine recruitment issues.  
The increasing tidal prism of the pre-frontal phase during coastal setup with its dominate 
southerly wind fields, appeared to be an important offshore to inshore transport mechanism for 
successful estuarine recruitment for species (i.e., B. patronus and M. undulatus) which spawn in 
deeper waters farther from shore. All other species in the analysis, except for A. mitchilli, show 
density peaks associated with southerly winds and the resultant coastal setup for the tidal pass at 
Bayou Tartellan, which doesn’t have a large freshwater head. Astronomical cues may be evident 
for species such as F. aztecus, which rely on the coastal setup during flood tides, while some 
species appear to decouple the astronomical from the atmospheric signal, such as P. cromis. The 
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astronomical micro-tides, shallow nature of the estuaries and their cardinal alignment with the 
general path of the winter frontal events reinforces the importance of the north and south winds 
in predicting zoo/-ichthyoplankton densities for estuaries in Louisiana.  
In conclusion, the relative contribution of these high-energy, atmospheric cold front 
passages and astronomical tides to the successful estuarine recruitment of winter-spawned, 
estuarine-dependent fisheries is species specific and dependent upon a number of factors. 
Generally, those species with similarities within life history strategy and recruitment dynamics 
associated with the length of the transport corridor showed similar effects with respect to 
atmospheric forcing. In particular, those species with longer recruitment corridors and protracted, 
over-winter spawning and recruitment showed a high degree of atmospheric forcing from winter 
cold front passages and reduced patchiness. Those species with lower encounters of winter cold 
front passage due to spawning season or shortened recruitment corridors showed minimal effects 
from atmospheric forcing and increased heterogeneity of distribution. Some of these differences 
are explained by the differences in life history strategy, as is the case between estuarine-
dependent A. hepsetus and estuarine-obligate A. mitchilli. Further research into the variability of 
these specific weather patterns, inclusion of the recruitment corridor into the sampling design, 
and a sampling protocol which specifically targets atmospheric cold front passage encounter 
exclusively, may lead to a better understanding of the potential effects changes in the periodicity, 
frequency, and strength of winter frontal events have on recruitment for commercially and 
ecologically important species in the northern GOM.  
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CHAPTER 4. AGE, GROWTH, AND RECRUITMENT FROM OTOLITH 
MICROSTRUCTURE FOR LARVAL MICROPOGONIAS UNDULATUS 
 
 
Atlantic croaker (Micropogonias undulatus) is an important  
commercial species in the Gulf of Mexico, but the stock has  
been historically drawn down as bycatch from other fisheries.  
Atlantic croaker collected within a tidal pass in Louisiana over  
a two year period, from October 2006 to March 2007 and from  
September 2007 to March 2008, had the sagittal otoliths (N=190)  
removed and analyzed using digital imaging and Fast Fourier  
Transformations for age and growth analyses. Standard length (SL)  
at age in days post hatch (dph) was estimated using a Laird-Gompertz  
growth model on the pooled data (SL= 1.5·e{2.61372[1-e(-0.026186·dph)]})  
over both years. Laird-Gompertz growth models were also fit  
separately to year and season to determine if different spawning  
subgroups exist. In both years, the maximum growth rate with  
respect to dph in the spring occurred approximately 20 days earlier  
than the fall. Digital image measurements were used to investigate  
fine-scale otolith microstructure to determine if offshore spawned  
larvae may have experienced growth discontinuities as they transgressed  
different water masses along their recruitment corridor to their estuarine  
nursery. The approximate age at which the larvae encounter differing  
water mass characteristics was determined to be 37 dph. Length 
frequency at age keys were used to determine temporal variability  
in M. undulatus spawning, with the highest frequency of hatch dates  
occurring during November in 2006 and 2007. Groth rates are similar 
to previous studies in the northern Gulf of Mexico, and growth rate 
increases occurred upon encountering lower salinity waters indicative  
of the coastal boundary zone and estuary.  
 
4.1 Introduction 
 
 Micropogonias undulatus (Linnaeus, 1776), Atlantic croaker, have a distribution ranging 
in the Western Atlantic from the Gulf of Maine to the northern Gulf of Mexico (GOM). In 
addition, their range may potentially extend into the southern GOM, the Lesser Antilles and 
southern Caribbean, and from Brazil through southern Argentina (Smith, 1997). Micropogonias 
undulatus stock status is unknown (NMFS, 2009; NMFS, 2012), although it is expected to be 
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below the maximum sustainable yield. The amount of Atlantic croaker harvested commercially 
has been cyclic, ranging from 1,100 metric tons (t) to over 15,000 t per year, with current levels 
at approximately 9,000 t, with a value of approximately eight million US dollars (NMFS, 2009; 
NMFS, 2012). One source of this catch variability is the high variability in their recruitment 
patterns, which have been shown to be driven by environmental conditions on both small and 
large spatial and temporal scales, such as wind field patterns, storm frequency, salinity, 
temperature, hypoxic zones, and GOM basin circulations (Norcross, 1983; Norcross and Austin, 
1988; Able 2005; Eby et al., 2005; Montane and Austin, 2005). 
 Further compounding the status of the commercial stock is the amount of M. undulatus 
caught as bycatch, principally through shrimp trawling. Within the shrimp trawl fishery of the 
GOM and South Atlantic Bight (SAB), 60% to 80% of the catch by weight is comprised of 
bycatch (NMFS, 2009; NMFS, 2012). Annually this can total from 100,000 to 400,000 t, with 
data from the 1990s suggesting M. undulatus may have made up almost 73% of the total bycatch 
of short-lived demersal species (NMFS, 2009; NMFS, 2012). Southeast Area Monitoring and 
Assessment Program (SEAMAP) samples from 1986-2006 showed Atlantic croaker to be the 
dominant bycatch species by weight at depths less than the 30 m isobath for the area off the 
Louisiana coast, regardless of sampling period during the year. At greater than 30 m depths, M. 
undulatus is either the second or third highest bycatch by weight, depending on the time period 
of sampling (Helies and Jamison, 2009). Because of these high mortality pressures from bycatch 
and directed fishing, survival in the larval stage is believed to be critically important in stock 
success because minor variation in mortality in the early life history stages can greatly affect 
recruitment rates (Norcross, 1983; Diamond et al., 2000). 
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Atlantic croaker larvae have a spawning peak from July through December and an 
estuarine recruitment peak in October/November (Cowan, 1988; Ditty et al., 1988; Warlen and 
Burke, 1990; Barbieri et al., 1994). Atlantic croaker spawn over a wide range of inner 
continental shelf depths, i.e., 54 meters or shallower, with a portion of the population moving 
inshore towards the estuaries to complete spawning in the winter and early spring months 
(Barbieri et al., 1994). Hydrologic variability at large and small spatial and temporal scales can 
greatly affect the numbers of M. undulatus larvae able to successfully recruit to estuarine nursery 
grounds (Norcross, 1983; Shaw et al., 1988; Raynie, 1991; Raynie and Shaw, 1994). Once in the 
estuary, survival during their first winter is primarily effected by lower temperatures increasing 
mortality, as verified in both the field (Norcross and Austin, 1981; Hare and Able, 2007), and 
laboratory (Lankford and Targett, 2001a/b). 
 Previous studies on M. undulatus age and growth have generally focused on the Mid-
Atlantic Bight (MAB) and the southeastern United States, with limited studies occurring in the 
GOM. These studies have utilized linear growth rate models from otoliths aged using visual 
techniques, and have found growth rates between 0.16 and 0.27 mm day-1 (Warlen, 1982; 
Thorrold et al., 1997), while in the GOM growth rate was determined to be 0.19 mm day-1 
(Cowan, 1988). Differing growth rates for larval M. undulatus during the spawning and estuarine 
recruitment peak in the late summer and early fall, and lower larval growth rates occurring 
during the over-winter period and into the spring have led to the suggestion that different 
spawning subgroups may exist (Warlen, 1982). This is further supported by differing growth 
rates and recruitment dynamics based on latitude along the estuaries of the MAB and SAB 
(Chittendbn and Jones, 1994; Thorrold et al., 1997). 
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 Otolith daily growth increments, first described by Pannella (1971, 1974), have been 
confirmed in the genus Micropogonias (Campana, 1984; Cowan, 1988; Albuquerque et al., 
2009). Otolith daily rings can not only provide information on growth rates, but they can also be 
used to estimate approximate times of larval ingress, i.e., transport from offshore spawning 
grounds to estuarine nurseries (Hoover et al., 2012). For example, previous studies have found 
that the timing for ingress of M. undulatus larvae along the western Atlantic estuaries varies 
between 30 and 60 days after hatch (Warlen, 1982; Warlen and Burke, 1990; Hettler and Hare, 
1998; Hoskin, 2002; Hoover et al., 2012). The daily periodicity of larval otolith rings has also 
been used to help determine the structure of environmental parameters affecting growth and 
survivorship (Campana, 1999; Campana and Thorrold, 2001). Differences in ring width at length 
have also been used to determine within season cohorts for Clupea harangus, based on variable 
growth between seasons in the same year (Brophy and Danilowicz, 2002). 
Analysis of larval otolith structure was initially done by visual inspection; however, 
video and digital methodologies have become prevalent with the increase in computing 
resolution and digital imaging (Ralston and Williams, 1989; Campana, 1992; Morales-Nin et al., 
1998). Regardless of what ring counting methodology is being used, the ring structure must be 
verified because the shape and relative size of otoliths are under genetic regulation and thus 
species specific (Schmitt, 1969; Gaemers, 1976; Nolf, 1985; Lombarte and Morales-Nin, 1995; 
EFAN, 1997; Morales-Nin et al., 1998).  
 The objectives of this study were as follows. First, define and determine an iterative 
digital filtering mechanism for accurate determination of daily increments in M. undulatus larval 
otoliths.  Second, determine the length at age of M. undulatus larvae collected in a tidal pass in 
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the northern GOM from fall through spring over a two year recruitment period.  Third, compare 
observed larval growth rates determined from linear and non-linear growth models to previous 
studies. Fourth, to estimate coastal boundary zone/estuarine ingress times through the tidal pass 
based on daily counts corrected for hatching date and time of first ring formation. Finally, to 
determine the effect of hydrodynamic patterns associated with the differences between 
continental shelf and estuarine waters on larval M. undulatus growth. 
4.2 Materials and Methods 
 
4.2.1 Sampling Location 
 
 Ichthyoplankton sampling was conducted in Bayou Tartellan, near the Port of 
Fourchon, Fourchon, Louisiana (Figure 4.1). Bayou Tartellan and Bayou LaFourche are the first 
major inland channel bifurcations from the connection with the Gulf of Mexico at Belle Pass 
(29° 5’ 53.9” N, 90° 13’ 17.8” W). The area represents a well-mixed tidal pass (i.e., little 
temperature, salinity or dissolved oxygen stratification) having high turbidity, and a relatively 
small drainage basin contributing a low volume of freshwater input.  The sampling site (29° 6’ 
49” N, 90° 11’ 4” W) consisted of a single location where passive plankton net sampling was 
conducted in approximately 10 meters of water from a dock extending 3.7 meters from the 
northern bank into an approximately 73 meter wide tidal pass.  
4.2.2 Field Sampling Methodology 
Ichthyoplankton sampling was conducted using a fixed davit at the end of the dock, 
which suspended a stainless steel cable from above the sampling deck to the channel bottom. 
Passive plankton samples were taken using a 60-cm ring net (333 µm mesh, 2 meter length) dyed 
dark green to minimize visual avoidance and attached to a gimbal with a vane for orientation into 
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the current. A plastic vinyl coated cod-end with 333 µm mesh drainage ports was attached to the 
end of the net to facilitate sample collection. A General Oceanics flowmeter (model no. 2030 
with slow velocity rotor) was positioned just off center of the ring to determine volume of water 
filtered. 
 
Figure 4.1: Map of the study location in relation to the Gulf of Mexico and coastal Louisiana. 
The points in black represent the sampling location, with the final panel being the sampling 
location from an aerial photograph of Bayou Tartellan. The X in the last panel marks the location 
of an extended dock used as a sampling platform and later destroyed by Hurriance Gustav. 
 
 
Ichthyoplankton samples were collected every four hours over a 72-hour period, twice 
monthly between the months of October and April over a two year period (2006 – 2008), except 
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for December and January, which were only sampled monthly. In addition, there were two 
sampling efforts made in September 2007.  The sampling season was chosen to maximize 
encounters of wind-dominant meteorological events (i.e., atmospheric cold front passages) from 
late fall to early spring. Individual sampling dates were chosen to maximize astronomical tidal 
ranges.  During sampling, both a surface and a near-bottom, passive, zooplankton collection was 
randomly taken. Surface collections were six minutes long, and near-bottom collections were ten 
minutes to compensate for vertical differences in current speed and ultimately volume of water 
filtered (i.e., sampling effort). For near-bottom collections, the net mouth was closed on 
deployment until in position, opened for sampling, and subsequently closed for retrieval to 
prevent vertical contamination of the sample during transit through the water column.  Nets were 
rinsed and washed down using a freshwater source to avoid contamination.  
 Ichthyoplankton samples were initially preserved in 10% buffered (sodium phosphate, 
dibasic NaH2PO4.H20 and monobasic Na2HPO4) formalin for approximately 3.5 hours as a short-
exposure, long-term fixative. Samples were then rinsed and switched into a 70% ethanol solution 
for long-term storage, and later access for larval fish otolith work.  
 Estuarine hydrographic parameters were measured dockside during each plankton sample 
using a portable YSI (model no. 85) to record temperature, conductivity (salinity) and dissolved 
oxygen. A continuously sampling YSI (model no. 600R) moored on the bottom offshore of the 
dock, also measured the same parameters. Hydrographic data were periodically downloaded as 
necessary and archived for storage.  Data concerning predicted diurnal tides, measured tide 
height, and the resulting alteration in the expected tidal prism were from a nearby tide gauge 
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station (Station ID: 8762075) at the Port of Fourchon, Fourchon, Louisiana (29° 6.8’ N, 90° 
11.9’ W).  
A bottom-mounted, upward-looking Acoustic Doppler Current Profiler (ADCP, RDI 
1200 KHz Broadband Workhorse) was placed in the center of Bayou Tartellan (offshore of the 
dock) to measure the vertical profile of current velocity and direction. Boat surveys along Bayou 
Tartellan and Bayou LaFourche out to Belle Pass were also conducted using downward-looking 
ADCPs to provide a channel-wide correction factor for the mid-channel stationary upward-
facing ADCP.  A volume transport (m3/s) was calculated for Bayou Tartellan from these data. To 
remove the tidal and inertial effects, a 6th-order 40-hr Butterworth low-pass filter was applied to 
the raw volume transport to produce a net water transport (m3/s). These net transport data 
effectively show the lower-frequency subtidal oscillations associated with cold front events and 
other wind forcing, while filtering out the higher frequency diurnal tidal oscillations (Li et al., 
2009). 
4.2.3 Laboratory Methodology 
In the lab, ichthyoplankton collections with a volume of material greater than 200 mL 
were split in half using a box plankton splitter, and those with a volume greater than 400 mL 
were split into quarters. Samples were sorted under a dissecting stereoscope and all 
ichthyoplankton were removed. A subset of sorted samples was checked for completeness of 
ichthyoplankton removal by a second party. 
Ichthyoplankton were identified to the lowest taxonomic level possible, depending on 
size of the organism and physical condition. Some larval fish that were difficult to identify were 
stained using Alizarin blue and Alizarin red to facilitate meristic counts. Micropogonias 
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undulatus larvae were separated and stored for otolith analysis. Identifications were based on the 
following literature: Miller and Jorgenson (1973); Fritzsche (1978); Hardy (1978a, 1978b); 
Johnson (1978); Jones et al. (1978); Martin and Drewry (1978); Colton et al. (1979); Leak 
(1981); Houde (1982); Stuck and Perry (1982); Fahay (1983); Moser (1984); Ruple (1984); 
Richards (2006); Fahay (2007). 
Micropogonias undulatus larvae were subsampled for otolith analysis based on a normal 
distribution of standard length (SL) of all M. undulatus larvae collected.  Measurement of SL to 
the nearest 0.1 mm was conducted using a Leica MZ6 stereoscope calibrated against a stage 
micrometer. M. undulatus larvae were subsampled from every sampling effort that contained the 
target species. In samples where three or less M. undulatus larvae were collected, all larvae were 
scheduled for otolith removal. In samples that contained greater than three M. undulatus larvae, 
three were selected so that the longest SL, shortest SL, and a SL from the normal distribution 
were scheduled for otolith removal.  
4.2.4 Otolith Removal, Preparation, and Interpretation 
Removal and preparation of sagittal otoliths from M. undulatus larvae selected for 
dissection followed the methodology described by Barbieri et al. (1994a/b). All dissections were 
conducted using an Olympus SZX12 stereoscope with a 1x objective. Both left and right sagittal 
otoliths were removed and placed on a slide using Permount®, with the left otolith cusp side up, 
and the right otolith cusp side down. Otoliths were polished using 0.3 µm alumina paste and 
microcloth to reveal the core. Otoliths were etched using a 0.1 N HCL acid for between 10 and 
20 s to facilitate reading under a compound stereoscope. Digital images were taken using an 
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Olympus BX41 compound stereoscope, with a phase contrast filter to highlight light and dark 
ring discontinuity zones, under magnification from 500x to 1250x under oil immersion.  
 Images were post-processed using Adobe Photoshop CS4® (v11.0) to convert the image 
from color to gray scale, and to enhance differences between light and dark rings by means of 
increasing the image contrast and improving the illumination. Otolith radii and measurements of 
grey scale values for each radius were conducted using ImageJ® (v1.44p) photo software. 
Measurement of any radii produces a calibrated length and corresponding grey scale values 
ranging from 0 (black) to 255 (white) along that radius. A central radius and two radii to the left 
and right of the central radii, offset by a single pixel each, were measured. All five radii were 
averaged to produce the grey scale values used for filter analysis, to avoid the bias that could be 
introduced by choice of the reading radius and making a reading radius that becomes the average 
of a 5 pixel radius for any point along the radius (Morales-Nin et al., 1998). Radius length and 
grey scale data were collected for each otolith that was imaged. 
 Image data were imported into MATLAB (v7.6.0.324 R2008a) for filtering and age 
determination. Initial radii measurements were treated as being in the time domain for the 
purposes of filtering due to the growth of increments being directly related to age in days. 
Filtering was done using a Fast Fourier Transform (FFT) to determine the appropriate low pass 
filter structure to exclude high frequency sub-daily discontinuities on the otolith radius. Filter 
design was based on a low pass filter fit iteratively to the individual otoliths based on the 
understanding that the nyquist frequency is the daily otolith ring accreted by the larvae.  As 
noted by Morales-Nin et al. (1998) this iterative fitting is done for each otolith due to increments 
of varying radius length between otoliths, differences in magnification, and variable growth rates 
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for individuals. An Inverse FFT was then done to transform the signal back into the time domain 
for determination of the location of the sinusoidal peaks, and thus the position and width of the 
respective rings along the reading radius. There were ten otoliths that were selected at random 
and ran using this methodology twice, independently, to compare against a traditional eye 
reading for error and difference in ring count. All ten otoliths showed the same number of rings 
after both FFT methodology, and only one differed by one ring based on a visual reading of the 
otolith. 
4.2.5 Otolith Ageing and Larval Hatch Dates 
Larval age recorded in days post hatch (dph) was determined from the increment counts 
for each otolith radius using the methodology previously described. Daily increment deposition 
has been confirmed to have a positive relationship to larval M. undulatus growth (Searcy, 2005). 
Following the methodology used by Cowan (1988), we applied a four day lag for first increment 
formation post-hatch for M. undulatus larvae, based on laboratory work (Peters et al., 1978, 
Warlen and Chester, 1985, University of Texas Mariculture Program Rep., 1982-1983). This 
resulted in a calculation of total age that follows an equation of the form: 
ܣ݃݁ௗ௣௛ = ܫ݊ܿݎ݁݉݁݊ݐݏ௧௢௧௔௟	 + ߮,							ݓℎ݁ݎ݁	߮ = 4 
where ܣ݃݁ௗ௣௛ represents the age in days from hatch to collection, ܫ݊ܿݎ݁݉݁݊ݐݏ௧௢௧௔௟	 represents 
the number of increments determined from the digital analysis, and the value of ߮ is the applied 
number of days from hatch to the deposition of the initial growth increment. Ages were 
estimated for larvae not selected for dissection by use of frequency of age at length keys utilizing 
the FSA package for R Software (v2.14.0). 
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 Determination of hatch dates were calculated for all M. undulatus larvae, direct 
calculation was done for those larvae where otolith radii were analyzed and also for those where 
the age was estimated in the methodology described previously. The hatch date was determined 
using the following equation: 
ܦܽݐ݁௛௔௧௖௛ = ܦܽݐ݁௖௔௣௧௨௥௘ − ܣ݃݁ௗ௣௛ 
where ܦܽݐ݁௛௔௧௖௛ represents the hatch date for that particular larvae, ܦܽݐ݁௖௔௣௧௨௥௘ represents the 
sample date when that larvae was collected, and ܣ݃݁ௗ௣௛ represents the age in days from hatch to 
collection.  
4.2.6 Growth and Estuarine Ingress 
For comparison to previous studies of larval M. undulatus growth, a linear model was 
applied to allow direct comparison of our results. A non-parametric smoother was also applied to 
determine the applicability of selecting a non-linear model for growth rate. Since larval growth is 
slowest near the hatch date, increases thereafter, and slows again as the larvae settles and begins 
further organ and sensory development, a derivative of the Gompertz model was selected as the 
non-linear model as it highlights this specific pattern of growth (Gompertz, 1815). 
Micropogonias undulatus larval somatic growth was modeled using only the directly analyzed 
otolith data by a Laird-Gompertz growth model (Laird et al., 1965; Zweifel and Lasker, 1976; 
Lozano et al., 2012). The model had a set intercept of ܮ௡௨௟௟ = 1.5	݉݉	ܵܮ to accurately represent 
the hatching length (dph=0; Warlen, 1981, Cowan, 1988, Barbieri et al., 1994). The Laird-
Gompertz growth model is represented by the following equation: 
ܮ௧ = ܮ௡௨௟௟݁௞(ଵି௘షೌ೟) 
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where ܮ௧ represents the SL (mm) at an age ݐ (days), ܮ௡௨௟௟ represents the SL at hatch for M. 
undulatus, ܽ is the rate of exponential decay, and ݇ is a dimensionless parameter so that ݇ܽ 
represents the instantaneous growth rate at hatching. Hind-casting to estimate growth rates for 
larvae at ages not sampled, due to larvae being offshore at these early ages, can be accomplished 
using the Laird-Gompertz growth model (Lozano et al., 2012).    
 Instantaneous growth rates, i.e., the rate of growth at a particular time in dph, were 
estimated using the maximum growth rates calculated from both the first derivative of the Laird-
Gompertz modeled equation, and mean growth rates based on a 10 day interval. The first 
derivative of the Laird-Gompertz equation has the following equation: 
ܩ஽ூ = ܮ௡௨௟௟݁௞(ଵି௘షೌ೟) ∗ (݇ܽ݁ି௔௧) 
where ܩ஽ூrepresents the instantaneous daily growth rate through the first derivative of the Laird-
Gompertz model, and all other parameters have the same distinction as in the Laird-Gompertz 
growth model previously described. Mean growth rates for the 10 day interval were calculated 
with the following equation: 
ܩଵ଴തതതത =
(ܮ௧ଶ − ܮ௧ଵ)
∆ݐ ,															ݓℎ݁ݎ݁	ݐ2 > ݐ1 
where ܩଵ଴തതതത represents the average growth rate for that 10 day interval, ܮ௧ଶ represents the modeled 
SL at some point ݐ2, and ܮ௧ଵ represents the modeled SL at some point ݐ1. Instantaneous growth 
rates were then determined from the natural log of the lengths in the mean growth equation 
described above. 
Estuarine recruitment date was determined from a difference in the width of the daily 
increments and variation in ring distance from the otolith core. Recruitment date was determined 
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as the point in dph where there was an increase in the ring diameter, and an increase in ring 
distance from the core. Movement by the larvae into the estuary, where there is lower salinity, 
increased nutrient loads, and higher primary production, has been shown to cause a rapid 
increase in growth for larvae and young-of-the-year juveniles (Hoss et al., 1988; Moser and 
Gerry, 1989). 
4.2.7 Statistical Analysis 
 Distributions of lengths and calculated ages based on otolith extraction were tested for 
normality using a Shapiro-Wilk’s test. A Mixed Model (MM) was applied using R Software 
(v2.14.0) to look at growth rates of individual larvae with respect to salinity, temperature, and 
net water transport in the tidal pass. The model used in the analysis had the following general 
form: 
 ݕ௜௝ = ߚ଴ + ߚଵ݈ܵܽ݅݊݅ݐݕ௜௝ + ߚଶܹܽݐ݁ݎܶ݁݉݌௜௝ + ߚଷܹܰ ௜ܶ௝ + ߚସܶ݅݀݁௜௝ + ߬௜ + ɛ௜௝ 
where ݕ௜ is the response variable of growth rate, ߚ଴ is the intercept term, the ߚ parameters 
represent the effect for each of the variables (i.e., salinity, water temperature, and NWT), with 
tide being a binary dummy variable for each of the tide states (i.e., flood or ebb), the ߬௜ term 
represents the random effect of sampling month when larvae were collected, and ɛ௜௝ is the 
random error term for the model. 
4.3 Results 
4.3.1 Hydrographic 
Water temperatures based on sampling depth yielded no statistical differences, which is 
consistent with a vertically well-mixed tidal pass. Water temperatures (̅ݔ = 20.51℃) generally 
had low variability during any sampling effort (Figure 4.2). However, from late November 2006 
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to early February 2007, recorded temperatures were colder and fluctuations were greater than 
other sampling efforts. In particular, the January 2007 sampling effort had a range of 10.2°C 
during the 72-hour sampling period. Generally, water temperatures followed the normal seasonal 
trends, i.e., water was warmer during the early fall (i.e., September and October) and cooled into 
the winter before rising again during March and April. There was a noticeable drop in  
 
Figure 4.2: Water temperature variations by month across the two years of field sampling, year 1 
(red) and year 2 (blue). Both years show a similar trend of decreased temperature from 
November through early February. Year two was generally warmer, although cooler water lasted 
into March 2008. High variability occurred during the months with coldest water temperatures. 
 
temperature during November 2006, and median water temperature remained below 15°C 
through early February 2007. Although there was also a decrease in water temperature in 
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November 2007, the median water temperature did not fall below 17°C during the remaining 
year.  
There were no statistically significant differences between surface or near-bottom 
salinities, once again supporting a well-mixed estuary. In general, 95% of all measured salinity 
values fell between 21.5 and 31.4 ppt with a total salinity range of 14.5 to 33.2 ppt and a mean of 
27.32 ppt (Figure 4.3). Median salinity values dropped more than 5 ppt between December 2006  
 
Figure 4.3: Salinity variation by month across the two years of field sampling. There was more 
variability across sampling efforts during year 1 (red) than year 2 (blue). Highest salinity 
variability occurred from November through March for both years.  
 
and January 2007. Early February 2007 had a similar median value as January 2007, but had 
salinity ranges from as high as 32 ppt to nearly 20 ppt over a four day period. Aside from median 
salinities in late February 2007 of approximately 28 ppt, the median salinity in Bayou Tartellan 
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remained below 25 ppt until early April 2007. Salinities during late 2007 and early 2008, with 
the exception of early March, showed less variation and were generally higher than the previous 
sample year. However, early April 2008 samples had an extreme drop in salinity, with a 
minimum value less than 15 ppt, and extreme outlying values as high as 25 ppt. Sampling efforts 
in March (both years) and April 2007 had the lowest salinities, probably reflecting increased 
precipitation.  
4.3.2 Larval Micropogonias undulatus Catches 
There were 3,543 M. undulatus larvae collected in Bayou Tarellan during the sampling 
efforts from October 2006 to March 2008, 3,118 larvae collected in the period from October 
2006 to March 2007, and 425 larvae collected from September 2007 to March 2008 (Figure 4.4). 
November 2006 accounted for 53.5% of the total number of M. undulatus larvae collected over 
both years. November 2007 collections had the greatest number of larvae again, but there was a 
second peak in March 2008. 
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Figure 4.4: Histograms showing M. undulatus collected by sampling trip for October 2006 to March 2007, and September 2007 to 
March 2008. Peak numbers of larvae collected occurred from late October through November for both years. February 2008 through 
March 2008 saw a higher percentage of the total number of larvae collected in that year than the same period within 2007.
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4.3.3 Length, Age, and Hatch Dates from Otolith Counts 
There were a total of 203 M. undulatus larvae that had sagittal otoliths removed for 
analysis. Thirteen otoliths did not produce readable radii and were excluded. The length 
frequency plot of all larval M. undulatus that were aged (ܰ = 190) followed a normal 
distribution (Shapiro-Wilk: ݌ = 0.4347), with a mean of 8.3 mm SL (ݏ݀ = 5.4	mm; range from 
3.5 to 15.3 mm). During both sampling periods, i.e., October 2006 – March 2007 and September 
2007 – March 2008, the mean length was 8.3 mm SL, but the distribution was flatter in year one 
(ݏ݀ = 2.5 mm) than in year two (ݏ݀ = 2.0 mm).  
 All of the larval M. undulatus ages also followed a normal distribution (Shapiro-Wilk: 
݌ = 0.1066) with a mean age of 41 dph (ݏ݀ = 10.14), a median of 39 dph, and a range of 20 
dph to 70 dph. Ages from the October 2006 to March 2007 sampling period had a strongly 
peaked distribution with a maximum density between 35 and 40 dph. Despite a similar peak in 
numbers of larvae between 35 and 40 dph, year two had generally higher densities between 30 
and 45 dph.  
In general, SL increased as the spawning and recruitment season progressed. Smaller 
larvae were more prevalent in September and/or October for both years (Figure 4.5). The median  
SL of larvae sampled began to stabilize in late November and early December for both years and 
remained relatively constant through the spring. In both sample years, the highest density of  
hatch dates occurred between 16th September and 31st October, with far lower numbers occurring 
in the rest of the months (Figure 4.6; Table 4.1). In year one, cumulatively, more than 95% of all 
estimated hatch dates had occurred before 15th January 2007, while during year two, the 95% 
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Figure 4.5: Boxplots of standard length (SL- mm) for M. undulatus larvae by sampling effort for 
each month. October 2006 to March 2007 (red) and September 2007 to March 2008 (blue) are 
both provided. 
 
cumulative distribution was not reached until early February 2008, after a small, secondary peak 
in late January.  
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Figure 4.6: Histograms of estimated hatch dates for M. undulatus larvae. Data include directly measured otoliths and those estimated 
from age at length frequency keys. Estimated number of larvae sampled and percentages of the total from half month increments are 
provided for October 2006 – March 2007, September 2007 – March 2008, and both years combined. 
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Table 4.1: Hatch dates for larval M. undulatus based on back-calculated otolith ages and 
collection dates after application of length frequency keys. Percentages and cumulative 
percentages are based on half month intervals.  
2006 - 2007 2007 - 2008 
Interval % Cumulative %  % 
Cumulative 
%  
08/15 - 08/31 0.26 0.26  0.00 0.00 
09/01 - 09/15 8.97 9.23 4.65 4.65 
09/16 - 09/30 29.74 38.97  21.71 26.36 
10/01 - 10/15 32.56 71.54 17.83 44.19 
10/16 - 10/31 10.51 82.05  18.60 62.79 
11/01 - 11/15 2.05 84.10 3.88 66.67 
11/16 - 11/30 4.10 88.21  5.43 72.09 
12/01 - 12/15 6.15 94.36 1.55 73.64 
12/16 - 12/31 0.26 94.62  3.10 76.74 
01/01 - 01/15 1.28 95.90 6.98 83.72 
01/16 - 01/31 3.08 98.97  10.85 94.57 
02/01 - 02/15 1.03 100.00 5.43 100.00 
02/16 - 02/28 0.00 100.00  0.00 100.00 
 
 
4.3.4 Modeled Growth Rates and Estuarine Ingress Dates 
 There was a significant linear relationship between measured lengths and ages for larval 
M. undulatus (p < 0.0001; R2 = 0.76). The linear model had an average rate of growth of 0.198 
mm·d-1, and an underestimation of the hatch length, with an intercept of 0.97 mm SL. The Laird-
Gompertz growth model forced through the 1.5 mm hatch length provided a better model fit 
accounting for the slower initial growth rate, and for changes in growth rate due to sensory and 
organ development as length increased (Figure 4.7). There were slight differences in the Laird-
Gompertz models of length by age for each of the two sample periods. The sampling period from  
203 
 
 
 
 
Figure 4.7: Laird-Gompertz growth model of larval M. undulatus as standard length (SL - mm) 
versus age (days post hatch - dph). The model is artificially forced through the intercept at the 
estimated 1.5 mm SL at hatch to accurately reflect growth rates of ages in dph less than the 
minimum age calculated. Boxplots showing the median, 25% and 75% quantiles, 95 percent 
confidence intervals, and outliers are provided for each axis. The Laird-Gompertz model is 
parameterized as: ܵܮ = 1.5 · ݁ଶ.଺ଵଷଶ଻ଶ(ଵି௘షబ.బమలభఴల·ಲ೒೐). 
 
September 2007 to March 2008 had larvae with a faster initial growth rate, but that growth rate 
leveled off and dropped below the October 2006 to March 2007 growth rates at lengths greater 
than 11 mm and ages greater than 55 dph (Figure 4.8).  
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Figure 4.8: Laird-Gompertz growth models of larval M. undulatus as standard length (SL - mm) 
versus age (days post hatch - dph) for each of the two sample periods. The sample period from 
10/06 to 03/07 is shown in black, and the Laird-Gompertz model had the following 
parameterization: ܵܮ = 1.5 · ݁ଶ.଻଻ହଷଵ(ଵି௘షబ.బమయబబ·ಲ೒೐). The sample period from 09/07 to 03/08 is 
shown in red, and the Laird-Gompertz model had the following parameterization: ܵܮ = 1.5 ·
݁ଶ.ସଶଶସହଶ(ଵି௘షబ.బయభమవళ·ಲ೒೐).  
 
There were differences between the fall and spring in each year for length, age, and 
growth. Larvae collected during the peak spawning and recruitment season during the fall (i.e.,  
September through December) of 2006 and 2007 were shorter and younger than those collected 
in the spring of 2007 and 2008 (Figure 4.9a). The fall of 2006 and 2007 had lower initial growth 
rates, but continued to increase and did not level off at older ages. In contrast, the spring of 2007
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Figure 4.9: (A) Boxplots comparing larval M. undulatus otoliths with standard length (SL - mm) and age (days post hatch - dph) for 
the fall (blue) and spring (red) seasons in both sample years. Fall samples were similar in both age and length for both sample years, 
but were different from the spring in both age and length. Non-overlapping notches between any two boxplots represent “strong 
evidence” of statistically different median values (Chambers et al. 1983). (B) Laird-Gompertz growth models of larval M. undulatus 
otoliths as SL (mm) versus age (dph) for fall and spring from both sample years. The fall recruitment period from October to 
December, 2006, is shown in black, and the winter/spring recruitment period from January to March 2007 is shown in green. The fall 
recruitment period from September to December, 2007, is shown in red, and the winter/spring recruitment period from January to 
March 2008 is shown in blue.  All models are forced through the intercept at the estimated 1.5 mm SL at hatch to accurately reflect 
growth rates of ages in dph less than the minimum otolith determined age. Model Parameterizations:  
Fall – Year 1: ܵܮ = 1.5 · ݁ଶ.଼ଽଵହଽ(ଵି௘షబ.బమభఱఱ·ಲ೒೐); Fall – Year 2: ܵܮ = 1.5 · ݁ଶ.ହ଴ହଽସ(ଵି௘షబ.బమఴవయ·ಲ೒೐);  
Spring – Year 1: ܵܮ = 1.5 · ݁ଶ.ହସ଼ଷ଼(ଵି௘షబ.బమఱభమ·ಲ೒೐); and Spring – Year 2: ܵܮ = 1.5 · ݁ଶ.ଵଵଶ଺଴(ଵି௘షబ.బరళమల·ಲ೒೐).
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and 2008 had higher initial growth, but both leveled off quickly, and resulted in shorter fish at 
greater than 50 dph and 60 dph, respectively (Figure 4.9b). The difference in fall versus spring 
growth rate patterns was more pronounced in year two, when there were generally warmer water 
temperatures and lower salinities. 
 The age and magnitude of maximum growth rate for larval M. undulatus differed for the 
sampling year by season Laird-Gompertz models. Overall, the Laird-Gompertz models by year 
and season showed maximum rates with respect to dph in the fall occur approximately 20 dph 
later than in the spring. Fall 2006 and 2007 had a similar minimum growth rate of 0.093 
mm·day-1, but fall 2006 had a higher maximum growth rate (0.214 mm·day-1; 49 dph) than fall 
2007 (0.177 mm·day-1; 37dph; Figure 4.10). Spring 2008 had a greater initial instantaneous 
growth rate (0.150 mm·day-1) compared to spring 2007 (0.113 mm·day-1). Although, the 
maximum growth rate in spring 2008 (0.216 mm·day-1) was greater than spring 2007 (0.196 
mm·day-1), it occurred at an earlier age (16 dph and 32 dph, respectively) and decreased rapidly 
thereafter. The ten day averages for the two sample years were slightly different, with year one 
having the highest average growth rate at 0.203 mm·day-1 between 40 to 50 dph (Table 4.2) 
correlating to a peak at 49 dph, and year two having the maximum growth rate of 0.193 mm·day-
1 occurring between 20 and 30 dph, which is consistent with the larger relative peak at 16 dph 
during the spring of year two (Figure 4.10).  
Overall similarities in the estimated average estuarine ingress date existed for both fall 
and spring seasons in both years, but there were differences between seasons in the mean ring 
distance from the otolith core. Regardless of season or year, otolith ring mean distance from the 
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Figure 4.10: Maximum growth rates based on the derivative of the Laird-Gompertz growth 
model for larval M. undulatus otoliths. Daily growth rates (mm·day-1) are the slopes of the Laird-
Gompertz models at any point in age (solid lines), and the maximum growth rates (dashed lines) 
are provided for fall 2006 (black), fall 2007 (red), spring 2007 (green), and spring 2008 (green). 
The maximum growth rate for the fall 2006 and 2007 was at 49 dph and 37 dph, respectively. 
The maximum growth rate for the spring 2007 and 2008 was at 32 dph and 16 dph, respectively.  
 
core, as a proxy for growth, is fairly stable before 40 dph, and increased more rapidly and 
became more variable after that point (Figure 4.11a). In particular, spring 2007 and spring 2008  
distances from the core were greater than the distances for the same age for the fall 2006 and fall 
2007. Mean otolith ring width was somewhat constant at approximately 0.5 µm for the fall of 
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Table 4.2: Average growth rates and instantaneous growth rates for larval M. undulatus 
based on otolith data grouped by age blocks of ten days post hatch. Growth rates (g) and 
instantaneous growth rates (G) are provided for the October 2006 to March 2007 sampling 
period, the September 2007 to march 2008 sampling period, and the overall combined data.  
2006 - 2007 2007 - 2008 Overall 
g          
(mm·day-1) 
G        
(day-1) 
g         
(mm·day-1)
G        
(day-1) 
g         
(mm·day-1) 
G        
(day-1) Blocks 
(dph)     
0 - 10   0.115 0.057  0.138 0.065  0.124 0.060 
10 - 20 0.152 0.045 0.175 0.048 0.161 0.046 
20 - 30   0.181 0.036  0.193 0.035  0.187 0.036 
30 - 40 0.198 0.029 0.190 0.025 0.196 0.027 
40 - 50   0.203 0.023  0.173 0.019  0.192 0.021 
50 - 60 0.198 0.018 0.149 0.014 0.178 0.016 
60 - 70   0.185 0.014  0.122 0.010  0.158 0.013 
 
both years and 1.1 µm for the spring of both years until 40 dph, when mean ring width became 
very much more variable, and generally increased with ring count thereafter (Figure 4.11b).  
4.3.5 Statistical Analysis 
The MM fit water temperature, salinity, and net water transport, by tide, to the estimated 
growth rate of all individuals collected during both study years with significant model terms for 
all continuous variables. The only model terms which were not significant at the a priori 0.05 
alpha level were tidal stage, and salinity as a function of tidal stage. The non-significance of the 
tidal stage term is likely a function of masking due to the higher level interaction terms in the 
model.  
The individual model terms generally showed a trend of increased growth rate with 
ingress through the tidal pass, supporting the otolith ring width and growth rate increases at  
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Figure 4.11: (A) Otolith ring mean distance (mm) from the core by season and sample year. Fall 
2006 (black), fall 2007 (red), spring 2007 (green), and spring 2008 (blue), are all provided to 
show differences between year and season, and the estimated average ingress date is demarcated 
by the dashed orange line. Distance from the core as a proxy for the increased growth expected 
with the lower salinities of the estuaries showed an average ingress date of 37 dph. (B) Mean 
ring width (mm) for individual daily rings from removed and imaged otoliths. Increases in ring 
width variability and increases from a regular ring width, of approximately 0.0005 mm for the 
fall 2006 (black) and the fall 2007 (red), and from a regular ring width of 0.0010 mm for the 
spring 2007 (green) and spring 2008 (blue), occurred for rings deposited after 37 dph.
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Figure 4.12: Mixed Model (MM) partial plots for growth rate (mm·day-1) data as a function of hydrodynamic parameters. Growth rate 
data are based on both directly measured otoliths and those ages provided from length frequency keys. All partial plots assume a static 
value for the other model terms in the graphical evaluation. (A) Growth rate as a function of water temperature (°C), delineated by 
tide. (B) Growth rate as a function of salinity (ppt), delineated by tide. (C) Growth rate as a function of net water transport (NWT; 
m3·s-1), delineated by tide.
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ingress, regardless of year or season. The interaction of flood tides with water temperature 
showed higher growth associated with colder temperatures indicative of estuarine waters during 
late fall-winter (݌ = 0.0395; Figure 4.12a). The flood tide interaction with water temperature 
shows a similar trend, although more muted, likely due to the more oligotrophic and higher 
temperatures of the inner continental shelf-coastal waters. Salinity showed a similar trend of 
increasing growth with decreasing salinity regardless of tidal stage, resulting in a non-significant 
interaction (݌ = 0.9006), although the 95% confidence interval was much larger at lower 
salinities during flood tides (Figure 4.12b). Similar to water temperature, salinities more 
consistent with estuarine conditions had higher modeled growth rates (݌ = 0.0458). Partial 
effects show a general trend with higher growth rates at large negative net water transport during 
ebb tides (݌ = 	0.0005; Figure 4.12c). However, during flood tides, higher growth rates were 
associated with strong positive net water transport values, although the 95% confidence interval 
showed the ability for higher individual growth rates at large negative net water transports on 
flood tides. 
4.4 Discussion 
 Successful estuarine recruitment of M. undulatus larvae through tidal passes along the 
northern GOM depends on a highly variable spawning regime, advantageous environmental 
conditions including hydrographic, tide, and wind forcing factors, and ultimately larval growth 
(Norcross and Austin, 1988; Eby et al., 2005; Montane and Austin, 2005). Hind-casting of the 
Laird-Gompertz growth model to 0 dph allows for inferences on growth rates of larvae along the 
recruitment corridor across the continental shelf and coastal zone. The bottleneck nature of a 
tidal pass and the highly variable hydrodynamic environment of a well-mixed tidal pass at Bayou 
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Tartellan, with associated increase of larval growth with ingress into the estuarine nursery 
ground (Searcy et al., 2007), illustrate the challenges and rewards of successful recruitment for 
larval M. undulatus spawned offshore.  
 The highest frequency of hatch dates occurred between late September and early October 
for both years, but hatching continued through the late winter and early spring (Figure 4.6) 
indicating an overwinter spawning and recruitment period. The peak hatch dates correspond well 
with previously described July through December peak spawning and recruitment (Warlen and 
Burke, 1990; Barbieri et al., 1994b), and an overall spawning and recruitment period from 
August through May (Hettler and Chester, 1990).  Differences in the distribution of hatch dates 
between year one and year two of the study highlight the variability in yearly M. undulatus 
spawning due to factors on various spatial (Miller and Able, 2002) and temporal scales 
(Norcross, 1983).  For example, year two had a less peaked distribution of hatch dates than year 
one, with a higher percentage of larvae recruiting in the months after December 2007, indicating 
a more protracted spawning season (Barbieri et al., 1994a). The second peak in hatch dates in 
late January and early February for both sample years suggests a second spawning sub-group 
(Figure 6; Warlen, 1982; Thorrold et al., 1997). Warmer water temperatures during winter 
sampling efforts in year two were more similar to temperatures during the fall months in 
sampling year one, potentially explaining the protracted 2007-2008 spawning season (Figure 2; 
Lankford and Targett, 2001a/b; Hare and Able, 2007). 
 Larval M. undulatus collected in Bayou Tartellan showed increased and variable growth 
rates after encountering lower salinity coastal boundary and estuarine waters (Nixon and Jones, 
2000). The linear growth rate of 0.2 mm·day-1 compared favorably with the growth rate of 0.19 
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mm·day-1 from larvae collected from inner continental shelf waters offshore of Sabine Pass, 
Texas, and the Mermentau River, Louisiana (Cowan, 1988). The Laird-Gompertz model daily 
maximum growth rates for the fall and spring of both sample years falls within the range of 
growth rates reported for coastal waters off North Carolina, i.e., 0.16 to 0.27 mm·day-1  (Warlen, 
1982). The differences in seasonal growth rates within the Laird-Gompertz models showed 
evidence of spawning/recruitment subgroups with maximum growth rates occurring later in the 
fall than in the spring, similar to subgroups determined by seasonal growth rate differences in 
North Carolina waters (Warlen, 1982) and the MAB (Thorrold et al., 1997), which were based 
on food availability and salinity differences. Within this study, maximum growth rates were 
approximately 20 dph later in the fall than in the spring, suggesting a more productive and 
potentially more suitable essential fish habitat during the spring (Searcy et al., 2007; Sponagle, 
2010). Lower salinities indicative of estuarine waters have been shown to increase somatic 
growth rates of larval M. undulatus (Peterson et al., 1999). While all growth analyses showed 
similar growth rates, the use of the Laird-Gompertz model allowed for accurate hind-casting of 
the low growth rates of larvae in the recruitment corridor on the continental shelf, since it used 
the true estimate of hatch length, whereas the linear models failed to accurately reflect/account 
for length at hatch. 
 The mean age in dph of larval M. undulatus transgressing these lower salinity waters of 
the coastal boundary layer and/or ingressing into the estuary was estimated to be approximately 
40 dph, based upon changes in otolith ring width and ring distance from the core (Figures 
4.11a/b). Studies of ingress into Chesapeake Bay, Delaware Bay, and Pamlico Sound have 
shown ingress dates to be between 30 and 60 dph (Warlen, 1982, Miller et al., 2003, Schaffler et 
214 
 
 
 
al., 2009a/b), which compare favorably with the directly aged larvae in Bayou Tartellan tidal 
pass being between 22 and 70 dph. The role of periodic atmospheric winter frontal passages on 
larval M. undulatus densities was shown to be significant in this system (Kupchik, 2014), 
suggesting that patterns such as inlet geomorphology and wind-forcing can play a large role in 
the timing of ingress for M. undulatus (Raynie and Shaw, 1994, Joyeaux, 1998, Wood, 2000). 
Larval ingress can be driven by active mechanisms like selective tidal stream transport (STST), 
but the vertically, well-mixed nature of tidal passes in the northern GOM ,and in particular our 
study site of Bayou Tartellan, suggests passive recruitment/retention mechanisms such as 
residual bottom-flow (Joyeux, 1999, Shultz et al., 2003), wind-driven transport (Shaw et al., 
1985, Joyeaux, 1999, Hare et al., 1999, Hare and Govoni, 2005), or flow differentials  laterally 
across the channel due to boundary conditions and marsh edge effects may be the driving forces 
(Lyczkowski-Shultz et al., 1990; Raynie, 1991; Raynie and Shaw, 1994; Kupchik, 2014).The 
variability in otolith distance from the core for larger larvae from the overall trend (Figures 
4.11a/b) supported within year variability in batch spawning leading to different cohorts with 
potentially variable recruitment corridor lengths (Brophy and Danilowicz, 2002; Sponaugle and 
Pinkard, 2004; Searcy et al., 2007). 
 Lower growth rates associated with continental shelf waters, and higher growth rates 
associated with estuarine or coastal boundary waters. The effect of salinity on growth rate is 
further exemplified by the steep increase in growth rate during low salinities on ebb tides, waters 
that would represent the upper estuarine nursery ground. Increased larval M. undulatus growth 
based on lower salinities has been previously documented in other estuaries (Peterson et al., 
1999). Growth rate as a function of water temperature showed no difference associated with tide, 
215 
 
 
 
and higher growth rates were associated with lower water temperatures which probably reflect 
the higher productivity of estuaries which at this time of year have cooler temperatures and lower 
salinities than warmer more saline GOM waters. The notable exception to this pattern was the 
growth rate increase during positive net transports associated with flood tides, which may be a 
function of interim or pre-frontal conditions associated with southerly winds and coastal setup 
reestablishing the tidal prism after flushing from northerly winds of the post-frontal phase. The 
MM for larval M. undulatus confirmed the importance of salinity on larval and juvenile fish 
growth (Sogard, 1992; Rooker and Holt, 1997; Lankford and Targett, 2001a), and the variability 
associated with differences between estuarine waters and continental shelf waters which vary on 
temporal and spatial scales (Searcy et al. 2007) . 
4.5 Conclusions 
 Digital analysis of larval M. undulatus daily saccular otolith rings, collected in Bayou 
Tartellan from October 2006 to March 2007 and September 2007 to March 2008, provided a fast, 
reliable method for analyzing otolith rings, growth rate, and estuarine ingress. The digital image 
filters removed the need for human interpretation, and allowed for direct measurement and 
averaging of multiple readings to avoid aliasing. Furthermore, the digital analysis allowed for 
methods involving exact measurement of otolith ring width and distance from the core to 
confirm the estimated estuarine ingress date determined from growth rate changes. This 
estimated growth rate from the multiple analyses facilitated through the digital image process 
thereby allowed for a confident estimation of the age that larval M. undulatus leave the 
continental shelf and encounter the more hydrodynamically variable coastal boundary zone and 
lower salinity estuarine waters.  
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 The linear growth model, although useful for comparison to previous studies, was less 
effective than the Laird-Gompertz growth curve in detailing accurate larval fish growth rates. 
The Laird-Gompertz growth models were hind-casted to represent the SL at hatch and rate of 
growth more effectively in the dph before sampling, and provided more detail in relation to M. 
undulatus ingress into estuaries where growth rate was expected to increase. The model allowed 
for expression of the limited somatic growth of larvae before recruitment into the lower salinity 
estuarine system of Bayou Tartellan. Moreover, the nature of the growth model allowed for 
calculation of instantaneous growth rates that reflect small scale daily changes effected by spatial 
location within the recruitment corridor without the bias introduced from overall averages 
expressed in a linear relationship with a singular rate of 0.2 mm·day-1, or from bias introduced 
from groupings of larvae in dph. The model also allowed for an estimation of maximum growth 
rate, showing the difference of later occurring maximum fall growth rates with respect to dph 
versus spring. Evidence based on differing growth rates between the fall traditional peak 
spawning and recruitment season and the spring recruitment season suggested for the first time 
that in the northern GOM similar potential spawning subgroups were identified as have been 
found from North Carolina waters and the MAB. This result was confirmed with differences in 
otolith microstructure between the fall and spring for both years, and the microstructure analysis 
was able to show within year variability in batch spawning producing different cohorts with 
variable recruitment corridor lengths. The highly significant salinity component in the MM 
relating growth rate to the hydrodynamics in Bayou Tartellan supported the importance of the 
low salinity and high productivity of estuarine waters for maximizing growth for larval and, 
ultimately, juvenile M. undulatus.  
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CHAPTER 5. AGE, GROWTH, AND RECRUITMENT FROM OTOLITH 
MICROSTRUCTURE FOR LARVAL BREVOORTIA PATRONUS 
 
 
Gulf menhaden (Brevoortia patronus) is an ecologically- and  
commercially-important species supporting the largest fishery  
by weight in the Gulf of Mexico. Sagittal otoliths (N=208) were  
removed from gulf menhaden collected over a two year period,  
from October 2006 to March 2007 and from September 2007 to  
March 2008, and analyzed using digital imaging and Fast Fourier 
Transformations for age and growth estimation. Length at age was  
estimated using a two cycle, Laird-Gompertz growth model to  
determine growth rates. Laird-Gompertz growth models were also  
fit separately to age and length groupings to confirm if the ontogenetic  
shift in stage was correlated to age or length. Digital image measurements  
were used to conduct fine-scale otolith microstructure analyses.  
Length frequencies at age keys were used to determine temporal  
variability in B. patronus spawning and to document earlier spawning  
and estuarine recruitment (i.e., September), and shorter recruitment  
corridors than previously reported. Results indicated that growth  
rates were similar to previous studies in the northern Gulf of Mexico,  
with small variation between years probably a result of water temperature 
differences. The ontogenetic shift in feeding strategy was estimated  
from the model to begin 33 days post spawning. 
 
5.1 Introduction 
 
 Brevoortia patronus (Goode, 1878), gulf menhaden, is both a commercially-important 
fishery in the Gulf of Mexico (GOM; Pritchard, 2005; Vaughn et al., 2010; McCrea-Strub et al., 
2011) and an ecologically-important prey item for commercially- and recreationally-important 
species (Del Rio et al., 2010; Nelson et al., 2012; Simonsen and Cowan, 2013). Gulf menhaden 
have an established range from the Western Central Atlantic to the GOM, and specifically within 
the GOM from Florida Bay to the Bay of Campeche (Whitehead, 1985). The Brevoortia 
patronus fishery is the second largest United States fishery by weight and fourth in value 
(Pritchard, 2005), with this reduction fishery harvesting an average of 400-600 kilotons annually. 
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In recent years, 92% of the annual landings occurred in Louisiana (Vaughn et al., 2010). There is 
also a second and minor component of annual landings comprising a small bait fishery in the 
GOM (VanderKooy and Smith, 2002). Although the stock is relatively healthy with lower than 
target fishing mortality over the long term, recent years have shown increasing fishing mortality 
and decreasing population fecundity (Vaughn et al., 2007). Possible population limitations for B. 
patronus include food availability, habitat limitations, and successful recruitment of larvae into 
estuarine nursery areas, with declining recruitment being more of a concern based on a recent 
decrease in population fecundity (Vaughn et al., 2007). 
 Gulf menhaden are estuarine dependent and reportedly spawn from October through 
February (Whitehead, 1985; Nelson and Ahrenholz, 1986; Vaughn et al., 2000), with the peak 
estuarine recruitment occurring in late January and early February (Lewis and Roithmayer, 1981; 
Shaw et al., 1988). Spawning depth for B. patronus is reported to be 90 meters and shallower 
(Whitehead, 1985; Powell, 1994), with spawning location moving further offshore as the season 
progresses (Vaughan et al., 2007). Mean egg diameter has been reported as 1.61 mm, with a 
length at hatch of approximately 3mm total length (Dahlberg, 1970; Lewis and Roithmayr, 1981; 
Shaw et al., 1985). The pelagic eggs take two to three days to hatch and another two to three 
days until yolk absorption is complete, yielding first feeding and first increment formation 
occurring approximately five days post spawning (Warlen, 1988). Offshore larval drift and cross 
shelf transport has been reported to take between 4 and 10 weeks (Shaw et al., 1988). The 
variability in transport times is tied to the limited swimming capacity of larval fishes (Shanks 
and Eckert 2005) resulting in successful estuarine recruitment being driven more by 
oceanographic flows (Guillory et al., 1983; Epifanio and Garvine, 2001: Gillianders et al., 2003). 
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Recruitment from the more oligotrophic continental shelf spawning grounds through tidal passes 
into more productive estuarine waters represents an ecologically important change (Raynie and 
Shaw, 1994). This time period also corresponds to when B. patronus larvae transform from 
selective particulate feeding to omnivorous filter feeding as juveniles (Stoecker and Govoni, 
1984; Deegan 1990; Chen et al. 1992; Lozano et al., 2012). This transformation has been 
reported to begin at approximately 20 mm SL and is completed by approximately 30 mm SL 
(Hettler, 1984; Warlen, 1988). 
 Louisiana studies on larval B. patronus age and growth have focused on both the offshore 
(Shaw 1985; Shaw et al. 1988; Warlen, 1988; Raynie and Shaw, 1994) and inshore component of 
the recruitment corridor (Deegan and Thompson, 1987; Marotz et al. 1990; Raynie and Shaw, 
1994). These studies have found growth rates between 0.28 and 0.42 mm·day-1 for the smaller 
larvae typically encountered on the continental shelf (Deegan and Thompson, 1984; Raynie and 
Shaw, 1994), and between 0.11 and 0.12 mm·day-1 for larvae collected within Sabine Pass and 
Fourleague Bay, Louisiana (Warlen, 1988; Raynie, 1991).  
 Otolith daily growth increments were first described by Pannella (1971, 1974), and have 
since been confirmed in larval B. patronus in laboratory studies (Warlen, 1988). Otolith daily 
rings can provide information to calculate growth rates and can act as a proxy to identify changes 
in developmental stages and environment through variability in otolith ring width (Maillet and 
Checkley 1990; Chambers and Miller, 1995). Analysis of larval otolith structure has been 
historically done by visual inspection; however, video and digital methodologies have become 
prevalent with the increase in computing resolution and digital imaging (Ralston and Williams, 
1989; Campana, 1992; Morales-Nin et al., 1998). Regardless of what ring counting methodology 
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is being used, the ring structure must be verified, because the shape and relative size of otoliths 
are species specific due to genetic control (Schmitt, 1969; Gaemers, 1976; Nolf, 1985; Lombarte 
and Morales-Nin, 1995; EFAN, 1997; Morales-Nin et al., 1998).  
 The objectives of this study were as follows. First, to define and determine an iterative 
digital filtering mechanism to more accurately determine daily increments in larval B. patronus 
otoliths.  Secondly, determine the length at age of B. patronus for the sampling period. Third, to 
determine at what age there is a shift in growth rate consistent with the expect shift in feeding 
strategy from a selective particulate feeder to an omnivorous filter feeder.  Fourth, compare 
otolith microstructure to length at age models for confirmation of growth rate and shift in feeding 
strategy. Finally, determine the distribution of the spawning period using back calculation of 
spawning dates from age frequency keys.  
5.2 Materials and Methods 
 
5.2.1 Sampling Location 
  
Ichthyoplankton sampling was conducted in Bayou Tartellan, near the Port of Fourchon, 
Fourchon, Louisiana (Figure 5.1). Bayou Tartellan and Bayou LaFourche are the first major 
inland channel bifurcations from the connection with the Gulf of Mexico at Belle Pass (29° 5’ 
53.9” N, 90° 13’ 17.8” W). The area represents a well-mixed tidal pass (i.e., little temperature, 
salinity or dissolved oxygen stratification) having high turbidity, and a relatively small drainage 
basin contributing a low volume of freshwater input.  The sampling site (29° 6’ 49” N, 90° 11’ 
4” W) consisted of a single location where passive plankton net sampling was conducted in 
approximately 10 meters of water from a dock extending 3.7 meters (12 feet) from the northern 
bank into an approximately 73 meter wide tidal pass.  
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Figure 5.1: Map of the study location in relation to the Gulf of Mexico and coastal Louisiana. 
The points in black represent the sampling location, with the final panel being the sampling 
location from an aerial photograph of Bayou Tartellan. The X in the last panel marks the location 
of an extended dock used as a sampling platform and later destroyed by Hurriance Gustav. 
 
5.2.2 Field Sampling Methodology 
Ichthyoplankton sampling was conducted using a fixed davit at the end of the dock, 
which suspended a stainless steel cable from above the sampling deck to the channel  
bottom. Passive plankton samples were taken using a 60-cm ring net (333 µm mesh, 2 meter 
length) dyed dark green to minimize visual avoidance and attached to a gimbal with a vane for 
orientation into the current. A plastic vinyl coated cod-end with 333 µm mesh drainage ports was 
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attached to the end of the net to facilitate sample collection. A General Oceanics flowmeter 
(model no. 2030 with slow velocity rotor) was positioned just off center of the ring to determine 
volume of water filtered. 
 Ichthyoplankton samples were collected every four hours over a 72-hour period, twice 
monthly between the months of October and April over a two year period (2006 – 2008), except 
for December and January, which were only sampled monthly. In addition, there were two 
sampling efforts made in September 2007.  The sampling season was chosen to maximize 
encounters of wind-dominant meteorological events (i.e., atmospheric cold front passages) from 
late fall to early spring. Individual sampling dates were chosen to maximize astronomical tidal 
ranges.  During sampling, both a surface and a near-bottom, passive, ichthyoplankton collection 
was randomly taken. Surface collections were six minutes long, and near-bottom collections 
were ten minutes to compensate for vertical differences in current speed and ultimately volume 
of water filtered (i.e., sampling effort). For near-bottom collections, the net mouth was closed on 
deployment until in position, opened for sampling, and subsequently closed for retrieval to 
prevent vertical contamination of the sample during transit through the water column.  Nets were 
rinsed and washed down using a freshwater source to avoid sample contamination.  
 Ichthyoplankton samples were initially preserved in 10% buffered (sodium phosphate, 
dibasic NaH2PO4.H20 and monobasic Na2HPO4) formalin for approximately 3.5 hours as a short-
exposure, long-term fixative. Samples were then rinsed and switched into a 70% ethanol solution 
for long-term storage, and later access for larval fish otolith work.  
 Estuarine hydrographic parameters were measured dockside during each plankton sample 
using a portable YSI (model no. 85) to record temperature, conductivity (salinity) and dissolved 
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oxygen. A continuously sampling YSI (model no. 600R) moored on the bottom offshore of the 
dock, also measured the same parameters. Hydrographic data were periodically downloaded as 
necessary and archived for storage.  Data concerning predicted diurnal tides, measured tide 
height, and the resulting alteration in the expected tidal prism were from a nearby tide gauge 
station (Station ID: 8762075) at the Port of Fourchon, Fourchon, Louisiana (29° 6.8’ N, 90° 
11.9’ W).  
5.2.3 Laboratory Methodology 
 In the lab, ichthyoplankton collections with a volume of material greater than 200 
mL were split in half using a box plankton splitter, and those with a volume greater than 400 mL 
were split into quarters. Samples were sorted under a dissecting stereoscope and all 
ichthyoplankton were removed. A subset of sorted samples was checked for completeness of 
ichthyoplankton removal by a second party. 
Ichthyoplankton were identified to the lowest taxonomic level possible, depending on 
size of the organism and physical condition. Some larval fish that were difficult to identify were 
stained using Alizarin blue and Alizarin red to facilitate meristic counts. Brevoortia patronus 
larvae were separated and stored for otolith analysis. Identifications were based on the following 
literature: Miller and Jorgenson (1973); Fritzsche (1978); Hardy (1978a, 1978b); Johnson 
(1978); Jones et al. (1978); Martin and Drewry (1978); Colton et al. (1979); Leak (1981); Houde 
(1982); Stuck and Perry (1982); Fahay (1983); Moser (1984); Ruple (1984); Richards (2006); 
Fahay (2007). 
Brevoortia patronus were subsampled for otolith analysis based on a normal distribution 
of standard length (SL) of all B. patronus larvae collected.  Measurement of SL to the nearest 0.1 
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mm was conducted using a Leica MZ6 stereoscope calibrated against a stage micrometer. B. 
patronus larvae were subsampled from every sampling effort that contained the target species. In 
samples where three or less B. patronus larvae were collected, all larvae were scheduled for 
otolith removal. In samples that contained greater than three B. patronus larvae, three were 
selected so that the longest SL, shortest SL, and a SL from the normal distribution were 
scheduled for otolith removal.  
5.2.4 Otolith Removal, Preparation, and Interpretation 
 Removal and preparation of sagittal otoliths from B. patronus larvae selected for 
dissection followed the methodology described by Barbieri et al. (1994a/b). All dissections were 
conducted using an Olympus SZX12 stereoscope with a 1x objective. Both left and right sagittal 
otoliths were removed and placed on a slide using Permount®, with the left otolith cusp side up, 
and the right otolith cusp side down. Otoliths were polished using 0.3 µm alumina paste and 
microcloth to reveal the core. Otoliths were etched using a 0.1 N HCL acid for between 10 and 
20 s to facilitate reading under a compound stereoscope. Digital images were taken using an 
Olympus BX41 compound stereoscope, with a phase contrast filter to highlight light and dark 
ring discontinuity zones, under magnification from 500x to 1250x under oil immersion.  
 Images were post-processed using Adobe Photoshop CS4® (v11.0) to convert the image 
from color to gray scale, and to enhance differences between light and dark rings by means of 
increasing the image contrast and improving the illumination. Otolith radii and measurements of 
grey scale values for each radius were conducted using ImageJ® (v1.44p) photo software. 
Measurement of any radii produces a calibrated length and corresponding grey scale values 
ranging from 0 (black) to 255 (white) along that radius. A central radius and two radii to the left 
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and right of the central radii, offset by a single pixel each, were measured. All five radii were 
averaged to produce the grey scale values used for filter analysis, to avoid the bias that could be 
introduced by choice of the reading radius and making a reading radius that becomes the average 
of a 5 pixel radius for any point along the radius (Morales-Nin et al., 1998). Radius length and 
grey scale data were collected for each otolith that was imaged. 
 Image data were imported into MATLAB (v7.6.0.324 R2008a) for filtering and age 
determination. Initial radii measurements were treated as being in the time domain for the 
purposes of filtering due to the growth of increments being directly related to age in days. 
Filtering was done using a Fast Fourier Transform (FFT) to determine the appropriate low pass 
filter structure to exclude high frequency sub-daily discontinuities on the otolith radius. Filter 
design was based on a low pass filter fit iteratively to the individual otoliths based on the 
understanding that the nyquist frequency is the daily otolith ring accreted by the larvae.  As 
noted by Morales-Nin et al. (1998) this iterative fitting is done for each otolith due to increments 
of varying radius length between otoliths, differences in magnification, and variable growth rates 
for individuals. An Inverse FFT was then done to transform the signal back into the time domain 
for determination of the location of the sinusoidal peaks, and thus the position and width of the 
respective rings along the reading radius. There were ten otoliths that were selected at random 
and ran using this methodology twice, independently, to compare against a traditional eye 
reading for error and difference in ring count. All ten otoliths showed the same number of rings 
after both FFT methodology, and only one differed by one ring based on a visual reading of the 
otolith. 
 
235 
 
 
 
5.2.5 Otolith Ageing and Spawning Dates 
 Larval gulf menhaden age, recorded in days post spawning (dps), was determined from 
the increment counts for each otolith radius using the methodology previously described. Daily 
increment deposition has been confirmed to have an increment count to age regression slope of 
one for larval B. patronus growth (Geffen, 1993). Similar to the methodology used by Raynie 
(1991), we applied a five day lag for first increment formation post-spawn for B. patronus larvae, 
based on laboratory work (Warlen, 1988). This resulted in a calculation of total age that follows 
an equation of the form: 
ܣ݃݁ௗ௣௦ = ܫ݊ܿݎ݁݉݁݊ݐݏ௧௢௧௔௟	 + ߮,							ݓℎ݁ݎ݁	߮ = 5 
where ܣ݃݁ௗ௣௦ represents the age in days from spawning to collection, ܫ݊ܿݎ݁݉݁݊ݐݏ௧௢௧௔௟	 
represents the number of increments determined from the digital analysis, and the value of ߮ is 
the applied number of days from spawning to the deposition of the initial growth increment. 
Ages were estimated for larvae not selected for dissection by use of frequency of age at length 
keys utilizing the FSA package for R Software (v2.14.0). 
 Determination of spawning dates were calculated for all B. patronus larvae, direct 
calculation was done for those larvae where otolith radii were analyzed and also for those where 
the age was estimated in the methodology described previously. The spawning date was 
determined using the following equation: 
ܦܽݐ݁௦௣௔௪௡௜௡௚ = ܦܽݐ݁௖௔௣௧௨௥௘ − ܣ݃݁ௗ௣௦ 
where ܦܽݐ݁௦௣௔௪௡௜௡௚ represents the spawning date for that particular larvae, ܦܽݐ݁௖௔௣௧௨௥௘ 
represents the sample date when that larvae was collected, and ܣ݃݁ௗ௣௦ represents the age in days 
from spawning to collection.  
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5.2.6 Growth Rates 
Distributions of lengths and calculated ages based on otolith extraction were tested for 
normality using a Shapiro-Wilk’s test. Instantaneous larval growth (day-1) is expected to be 
fastest soon after first feeding, decreasing thereafter, with a large decrease or growth stanza 
associated with  an ontogenetic shift in feeding from selective particulate feeding to omnivorous 
filter feeding (Deegan 1990; Lozano et al., 2012). To represent this shift in feeding strategy 
between the larval and juvenile stages, a derivative of the Gompertz model (Gompertz, 1815) 
was chosen as it highlights this specific pattern of growth. Larval B. patronus somatic growth 
was modeled using only the directly analyzed otolith data by a two-cycle Laird-Gompertz 
growth model (Laird et al., 1965; Zweifel and Lasker, 1976; Raynie 1991), and fit using R 
Software (v2.14.0). The two cycle Laird-Gompertz growth model is represented by the following 
equation: 
ܮ௧ = ܮ௡௨௟௟݁[
ംቀభష೐(షഀ∆భ)ቁ
ഀ ା
ഃቀభష೐(షഁ∆భ)ቁ
ഁ ], 
∆ଵ= ܯܫܰ(ݐ, ݐ∗) 
∆ଶ= ܯܣܺ(ݐ − ݐ∗, 0) 
where ܮ௧ represents the SL (mm) at age ݐ (dps), ܮ௡௨௟௟ represents SL at hatch for B. patronus, 
ߛ = ஺ఈ and A is the age specific instantaneous growth rate at spawning, ߙ is the rate of 
exponential decay in growth rate before ݐ∗, ݐ∗ is the time at which there is a shift between 
somatic growth stages, ߜ = ஻ఉ	and B is the age specific instantaneous growth rate immediately 
after the stage shift at ݐ = ݐ∗,  and ߚ is the exponential decay in growth in B. The length at hatch 
was estimated, but to increase model speed constrained between 1 and 4 mm based on the 
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literature reporting ܮ௡௨௟௟ to be between 2 and 4 mm (Hettler, 1984; Warlen, 1988; Powell, 1994; 
Raynie and Shaw, 1994). Similarly, ݐ∗ was estimated with a lower bound constraint of 20 dps, 
and an upper bound constraint of 45 dps (Suttkus, 1956; Hettler, 1984; Raynie, 1991). Hind-
casting to estimate growth rates for larvae at ages not sampled, due to larvae being offshore at 
these early ages, can be accomplished using this two cycle Laird-Gompertz growth model 
(Lozano et al., 2012).  The two cycle Laird-Gompertz model was applied to the pooled otolith 
data, and to each of the two sample years. Comparison between the yearly and poled models was 
conducted using an F-test in R Software (v2.14.0).   
 The Laird parameterization of the Gompertz growth model was applied to each of the two 
developmental stages for groupings based on SL from the distribution of SLs of larvae that had 
the otoliths removed, and age based on previous literature (Raynie, 1991). The Laird-Gompertz 
model was fit using R Software (v2.14.0) and took the following form: 
ܮ௧ = ܮ௡௨௟௟݁௞(ଵି௘షೌ೟) 
where ܮ௧ represents the SL (mm) at age ݐ (days), ܮ௡௨௟௟ represents SL at hatch for B. patronus, ܽ 
is the rate of exponential decay, and ݇ is a dimensionless parameter so that ݇ܽ represents the 
instantaneous growth rate at hatching. Hind-casting can also be used to estimate growth rates for 
larvae at ages not sampled with this model structure (Lozano et al., 2012).    
 Mean growth rates and instantaneous growth rates for blocks of 10 dps were calculated. 
Mean growth rates for the 10 day interval were calculated with the following equation: 
ܩଵ଴തതതത =
(ܮ௧ଶ − ܮ௧ଵ)
∆ݐ ,															ݓℎ݁ݎ݁	ݐ2 > ݐ1 
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where ܩଵ଴തതതത represents the average growth rate for that 10 day interval, ܮ௧ଶ represents the modeled 
SL at some point ݐ2, ܮ௧ଵ represents the modeled SL at some point ݐ1, and ∆ݐ is the 10 dps 
interval. Instantaneous growth rates for the same 10 dps interval rates were then determined from 
the natural log of the lengths in the following equation: 
ܫܩଵ଴തതതത =
(ln	(ܮ௧ଶ) − ln	(ܮ௧ଵ))
∆ݐ ,															ݓℎ݁ݎ݁	ݐ2 > ݐ1 
where ܫܩଵ଴തതതത represents the average growth rate for that 10 day interval, ܮ௧ଶ represents the 
modeled SL at some point ݐ2, ܮ௧ଵ represents the modeled SL at some point ݐ1, and ∆ݐ is the 10 
dps interval. 
Somatic growth changes were measured using difference in the width of the daily 
increments and variation in ring distance from the otolith core. Changes in otolith ring width and 
distance from the core are expected to occur after the change in stage and feeding regimen. Ring 
width was measured using the digital analysis previously described, and mean ring distance from 
the core and mean ring width were calculated for both the sampling period from October 2006 to 
March 2007 and the period from September 2007 to March 2008. 
5.3 Results 
5.3.1 Hydrographic 
 Water temperatures based on sampling depth yielded no statistical differences, which is 
consistent with a vertically well-mixed tidal pass. Water temperatures (̅ݔ = 20.51℃) generally 
had low variability during any sampling effort (Figure 5.2). However, from late November 2006 
to early February 2007, recorded temperatures were colder and fluctuations were greater than 
other sampling efforts. In particular, the January 2007 sampling had a range of 10.2 °C during 
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the 72 hour sampling period. Water temperatures followed the normal seasonal trends, i.e., water 
was warmer during the early fall (i.e., September and October) and cooled into the winter before 
rising again during March and April. There was a noticeable drop in temperature during 
November 2006, and median water temperature remained below 15°C through early February 
2007. Although there was also a decrease in water temperature in November 2007, the median 
water temperature did not fall below 17°C during the remaining sampling year.  
 
Figure 5.2: Water temperature variations by month across the two years of field sampling, year 1 
(red) and year 2 (blue). Both years show a similar trend of decreased temperature from 
November through early February. Year two was generally warmer, although cooler water lasted 
into March 2008. High variability occurred during the months with coldest water temperatures. 
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5.3.2 Larval Brevoortia patronus Catches 
 There were 2,846 B. patronus larvae collected in Bayou Tartellan during the sampling 
efforts from October 2006 to April 2008; 2,158 larvae collected during year one, October 2006 
to March 2007, and 688 larvae collected during year two, September 2007 to March 2008. 
January 2007 accounted for 40% of all larvae collected in the period from October 2006 to 
March 2007, and 30.3% of the total number of B. patronus larvae collected over both years. 
November 2007 collections had the second highest number of larvae accounting for 26.3% of all 
B. patronus larvae collected in year two, and 6.4% of all larvae collected across both sampling 
years. 
5.3.3 Length, Age, and Spawning Dates 
 There were a total of 240 B. patronus larvae that had sagittal otoliths removed for 
analysis. Thirty-two otoliths did not produce readable radii and were excluded from the analysis. 
The length frequency of all larval B. patronus that were aged (ܰ = 208) was bimodal (Shapiro-
Wilk: ݌ = 	1.433݁ିଵହ), and as a result, we split the overall distribution into two groups to 
achieve two distributions that were normal, one of larvae between 5 and 16 mm SL (̅ݔ =
12.1	݉݉, ݏ݀ = 3.71) and the other consisting of larvae greater than 16 mm SL (̅ݔ =
19.4	݉݉, ݏ݀ = 1.39; Figure 5.3). During year one, the mean SL was 14.7 mm (ݏ݀ = 4.61), and 
for year two, the mean SL was 16.3 mm (ݏ݀ = 4.83) with a slightly larger range (Figure 5.4). 
Overall, the largest larvae were collected from January through March. In year one, the largest 
larvae were collected in January 2007 versus in March 2008 for year two. Combining both 
sample years, larval B. patronus had a mean age of 32.3 dps (ݏ݀ = 12.15), a median of 31.5 dps, 
and a range of 11 to 67 dps. For year one, October 2006 to March 2007, ages were relatively well 
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Figure 5.3: Standard length (SL) data for all B. patronus larvae used for sagittal otolith analyses, 
presented as a histogram. (A) Contains all larvae between 5 and 16 mm SL, ̅ݔ = 10.8	݉݉, 
ݏ݀ = 2.51	݉݉. (B) Contains all larvae greater than 16 mm SL, ̅ݔ = 19.4	݉݉, ݏ݀ = 1.39	݉݉. 
Both histograms were normally distributed (݌ > 0.05, Shapiro-Wilk’s test). 
 
distributed across the range of 15 to 67 dps, with a maximum density between 18 and 24 dps. 
Also in year one, the oldest larvae were collected in the largest numbers between December 2006 
and February 2007 (Figure 5.5). In year two, September 2007 to March 2008, the highest 
densities were for larvae between 35 and 45 dps, and the overall age distribution was flatter than 
the previous sample year. Also in year two, the oldest larval B. patronus were collected in March 
2008.  
In both sample years, approximately half of all spawning dates for larvae sampled in 
Bayou Taretellan occurred in the fall (i.e., before mid-January), with the other half occurring in 
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Figure 5.4: Violin plots of larval B. patronus SL by month broken down by sampling period for 
each year and total. Violin plots show the kernel density of lengths as the shape, the mean for 
each month as the white point, and the 50% center quartile with the thick black bar. October 
2006 – March 2007 is provided in red, with ̅ݔ = 14.7	݉݉, and ݏ݀ = 4.61	݉݉. September 2007 
– March 2008 is provided in blue, with ̅ݔ = 16.3	݉݉, and ݏ݀ = 4.83	݉݉. Pooled data are 
provided in green, with ̅ݔ = 15.4	݉݉, and ݏ݀ = 4.75	݉݉.   
 
 
the spring. In year one, the greatest number of spawning dates occurred during 1-28 February 
2007, with a smaller secondary peak occurring in October 2006 (Table 5.1).  During year two,  
the greatest number of spawning dates occurred between 16 January and 15 February 2008, with 
a second smaller peak in late October/early November 2007.  
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Figure 5.5: Violin plots of larval B. patronus age in days post spawning (dps) by month, broken 
down by sampling period for each year and total. Violin plots show the kernel density of ages as 
the shape, the mean for each month as the white point, and the 50% center quartile with the thick 
black bar. October 2006 – March 2007 is provided in red, with ̅ݔ = 30	݀݌ݏ, and ݏ݀ = 13.2	݀݌ݏ. 
September 2007 – March 2008 is provided in blue, with ̅ݔ = 29	݀݌ݏ, and ݏ݀ = 11.0	݀݌ݏ. 
Pooled data are provided in green, with ̅ݔ = 30	݀݌ݏ, and ݏ݀ = 12.4	݀݌ݏ.   
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Table 5.1: Spawning dates for larval B. patronus based on back calculated otolith ages 
and collection dates after application of length frequency keys. Percentages and 
cumulative percentages are based on half month intervals.  
2006	-	2007	 2007	-	2008	
Interval	 %	 Cumulative	%	 	 %	
Cumulative	
%	   
09/01 - 09/15 0.07 0.07  0.20 0.20 
09/16 - 09/30 1.39 1.46 0.40 0.61 
10/01 - 10/15 15.28 16.74  1.97 2.58 
10/16 - 10/31 8.45 25.19 9.91 12.49 
11/01 - 11/15 2.95 28.14  10.12 22.61 
11/16 - 11/30 2.49 30.63 4.86 27.47 
12/01 - 12/15 6.79 37.42  11.33 38.80 
12/16 - 12/31 9.70 47.12 8.50 47.29 
01/01 - 01/15 2.49 49.62  5.92 53.21 
01/16 - 01/31 6.58 56.20 14.67 67.88 
02/01 - 02/15 20.96 77.17  19.47 87.35 
02/16 - 02/28 19.13 96.29 7.28 94.64 
03/01 - 03/15 2.25 98.54  3.95 98.58 
03/16 - 03/31 1.46 100.00  1.42 100.00 
 
5.3.4 Modeled Brevorrtia patronus Growth Rates 
The two cycle Laird-Gompertz growth model provided a good model fit accounting for 
the faster initial growth rate and for the slower growth rate due to increased sensory, organ, and 
gill raker development at the onset of the ontogenetic shift in feeding strategy from a selective 
particulate feeder to an omnivorous filter feeder (Figure 5.6). This shift in growth rate was 
estimated in the model to occur after 33 dps (ݐ∗ = 33.086). The model estimated length at hatch 
was 2.88 mm SL, with a specific growth rate at hatch of ܣ = 0.00145 day-1. During this larval 
stage, the maximum growth rate was 0.71 mm·day-1, with a mean growth rate of 0.45 mm·day-1. 
After the start of the developmental shift, at the modeled SL of 18.13 mm, the age specific 
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growth rate was ܤ = 0.00060 day-1. The initial portion of this growth stanza, i.e., the 
transformation to the juvenile stage and switch in feeding strategy, had a maximum growth rate 
of 0.20 mm·day-1, with an average growth rate of only 0.10 mm·day-1. 
Two cycle laird-Gompertz models were also fit separately to year one and two, October 
2006 to March 2007 and September 2007 to March 2008, respectively. However, these two 
models did not result in better performance over the pooled model (݌ = 0.203, ܨ − ݐ݁ݏݐ; Figure 
5.6). The two models did not differ in the time of onset of developmental shift, with ݐ௒ா஺ோ	ଵ∗ =
33.145 dps and ݐ௒ா஺ோ	ଶ∗ = 33.025 dps. However, year one did have greater instantaneous 
growths at hatch ܣ௒ா஺ோ	ଵ = 0.0018 day-1 versus ܣ௒ா஺ோ	ଶ = 0.0012 day-1, and after the beginning 
of the developmental shift ܤ௒ா஺ோ	ଵ = 0.0009 day-1 versus ܤ௒ா஺ோ	ଶ = 0.0004 day-1. For year one, 
the maximum growth rate for the larval stage was 0.63 mm·day-1 (̅ݔ = 0.44 mm·day-1), and the 
initial juvenile stage had a maximum growth rate of 0.25 mm·day-1 (̅ݔ = 0.12 mm·day-1). In year 
two, the maximum growth rate in the larval stage was 0.77 mm·day-1 (̅ݔ = 0.47 mm·day-1), and  
the initial portion of the juvenile stage had a maximum growth rate of 0.16 mm·day-1 (̅ݔ =
0.09mm·day-1). 
Individual Laird-Gompertz models were fit for pre- and post-metamorphic stages, first 
where the stages were delineated by age, and secondly where the stages were determined from 
SL. The breakdown by age between the two Laird-Gompertz models provided better fits in 
describing the somatic growth during each period versus the grouping determined by SL, due to 
the increased variability in length at a particular age. The first Laird-Gompertz model for larval 
stage based on the age grouping had an initial specific growth rate of ݇ܽ = 0.075 day-1, with a 
weaker decay rate of ߙ = 0.019. This larval stage had a modeled maximum growth rate of 0.72 
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Figure 5.6: Two cycle Laird-Gompertz growth models for each sample year and pooled total of 
larval B. patronus otoliths as SL (mm) versus age in days post spawning (dps). The models are 
hind casted through the estimated intercept to estimate growth rates of larvae at ages in dps less 
than the minimum age measured. Boxplots showing the median, 25% and 75% quantiles, 95 
percent confidence intervals, and outliers are provided for each axis. The two cycle Laird-
Gompertz models for each year are parameterized as: 
Year 1  
ܵܮ = 2.881552݁[
బ.బళళఴళఱቀభష೐(షబ.బమయమబభ∆భ)ቁ
బ.బమయమబభ 	ା	
బ.బభరఴళళቀభష೐(షబ.బఱఴళఱర∆భ)ቁ
బ.బఱఴళఱర ], 
∆ଵ= ܯܫܰ(ܣ݃݁, 33.145155) 
∆ଶ= ܯܣܺ(ܣ݃݁ − 33.145155,0) 
Year 2  
ܵܮ = 2.881552݁[
బ.బళయబఱఴቀభష೐(షబ.బభలళరర∆భ)ቁ
బ.బభలళరర 	ା	
బ.బబఴఴఱఱቀభష೐(షబ.బరబలలబ∆భ)ቁ
బ.బరబలలబ ], 
∆ଵ= ܯܫܰ(ܣ݃݁, 33.085634) 
∆ଶ= ܯܣܺ(ܣ݃݁ − 33.085634,0) 
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mm·day-1, and a mean growth rate of 0.46 mm·day-1 (Figure 5.7A). During the initial portion of 
the juvenile developmental stage, the decay rate for the age grouped model was ߙ = 0.063. This 
stage in the age grouped model had a maximum growth rate of 0.20 mm·day-1, with an average 
growth rate of 0.09 mm·day-1.  The pre-metamorphic larval stage for the SL grouping had an 
initial specific growth rate of ݇ܽ = 0.090 day-1, with a decay rate of ߙ = 0.039. This pre-
metamorphic stage had a modeled maximum growth rate of 0.41 mm·day-1, and a mean growth 
rate of 0.37 mm·day-1 (Figure 5.7B). During the post-metamorphic juvenile developmental stage, 
the decay rate was ߙ = 0.015. The onset of this juvenile development stage had a comparatively 
lower maximum growth rate of 0.13 mm·day-1, and an average growth rate of 0.11 mm·day-1.  
Ten day averages of growth rates in dps, i.e., blocks, showed similar rates comparatively to the 
two cycle Laird-Gompertz and individual grouping Laird-Gompertz models. Overall, the peak 
growth rate during the initial larval developmental stage was between 20 and 30 dps (0.59 
mm·day-1; Table 5.2). The greatest growth rate for each sample year also occurred between 20 
and 30 dps, with year one having a rate of 0.55 mm·day-1, and year two having a growth rate of 
0.62 mm·day-1. The greatest change in instantaneous growth rates occurred between the 20 to 30 
dps block and the 30 to 40 dps block for each year. This period coincides with the ontogenetic 
change in feeding strategy for a selective particulate feeder to omnivorous filter feeder, and 
coincides with the model estimated date of approximately 33 dps for the shift in growth stanza. 
Otolith microstructure analyses showed changes in both mean ring distance from core as 
well as mean ring width after 33 dps. Mean ring distance from the otolith core during the initial 
larval stage was similar for both October 2006 to March 2007 and September 2007 to March 
2008. After the modeled ontogenetic shift at approximately 33 dps, otolith growth slowed with
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Figure 5.7: Laird-Gompertz growth models of larval B. patronus otoliths as SL (mm) versus age (dps) for each of the two individual 
groupings. (A) In the age grouping, larvae with a measured age less than 33 dps are provided as points in black with the corresponding 
black model line, and larvae greater than 33 dps are provided as points in red with the corresponding red model line. (B) In the length 
grouping, larvae with a measured SL less than 16 mm are provided as points in black with the corresponding black model line, and 
larvae greater than 16 mm SL are provided as points in red with the corresponding red model line.  
The two Laird-Gompertz age models are parameterized as: 
Larvae < 33 dps (Black) 
ܵܮ = 2.881552݁ଷ.଼଺଼଺଻ସ(ଵି௘షబ.బభవయరఱಲ೒೐) 
Larvae > 33 dps (Red) 
ܵܮ = 6.54628݁ଵ.ଶଷ଼଺ସ(ଵି௘షబ.బఱబఴరಲ೒೐) 
The two Laird-Gompertz length models are parameterized as: 
Larvae < 16 mm SL (Black) 
ܵܮ = 2.881552݁ଶ.ଶଽ଼଴଻ଽ(ଵି௘షబ.బయఴవలరಲ೒೐) 
Larvae > 16 mm SL (Red) 
ܵܮ = 13.79161݁଴.଻ସ଺ସହ(ଵି௘షబ.బభరఴబಲ೒೐)
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Figure 5.8: (A) Otolith ring mean distance (mm) from the core by sample year. October 2006 to 
March 2007 are provided in black, and September 2007 to March 2008 are provided in red. The 
blue dashed line represents the modeled developmental shift at 33 days post spawning (dps) from 
larvae into the beginning of the juvenile stage. (B) Mean ring width (mm) for individual daily 
rings from removed and imaged otoliths. October 2006 to March 2007 are provided in black, and 
September 2007 to March 2008 are provided in red. Decreases in ring width correspond to the 
modeled developmental shift (blue dashed line) occurring at 33 dps. 
 
 
limited variability, and year two otolith growth was slower than year one (Figure 5.8A). Mean 
ring width showed a similar pattern with the decline in ring width occurring after 33 dps, with 
limited differences between either sampling years. Before the beginning of the ontogenetic shift, 
ring width for both sample years appeared to increase slightly, correlating to the two-cycle 
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modeled growth rate being largest prior to the expected shift in feeding morphology/strategy 
(Figure 5.8B). 
Table 5.2: Average growth rates and instantaneous growth rates for larval B. patronus based 
on otolith data, grouped by age blocks of ten days post spawning. Growth rates (g) and 
instantaneous growth rates (G) are provided for the October 2006 to March 2007 sampling 
period, the September 2007 to march 2008 sampling period, and the overall combined data.  
2006 - 2007 2007 - 2008 Overall 
Blocks 
(dps) 
g    
(mm·day-1) 
G      
(day-1) 
g       
(mm·day-1) 
G        
(day-1) 
g      
(mm·day-1) 
G        
(day-1)   
0 - 10 0.289 0.070  0.276 0.067  0.281 0.068 
10 - 20 0.424 0.055 0.433 0.057 0.428 0.056 
20 - 30 0.549 0.044  0.617 0.048  0.586 0.046 
30 - 40 0.347 0.020 0.326 0.018 0.338 0.019 
40 - 50 0.148 0.008  0.109 0.005  0.128 0.006 
50 - 60 0.087 0.004 0.076 0.004 0.081 0.004 
60 - 70 0.050 0.002  0.052 0.002  0.050 0.002 
 
5.4 Discussion 
Hatch length as calculated by the two-cycle, Laird-Gompertz model was 2.88 mm, which 
agreed well with previously reported length of approximately 3mm total length reported 
elsewhere (Hettler, 1984; Warlen, 1988; Powell, 1994; Raynie and Shaw, 1994). Smaller and 
younger larvae were encountered earlier in the sample period, i.e., September to early October, 
for both years. September recruitment of B. patronus larvae is novel for Louisiana waters 
(Raynie and Shaw, 1994; Carassou et al., 2012), and the smaller sizes and younger ages suggest 
a truncated recruitment corridor with spawning occurring earlier than previously reported and 
within more coastal waters (Shaw et al., 1988). The shorter length of the spawning ground to 
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estuary recruitment corridor at this time of year may possibly be a result of the GOM hypoxia 
zone forcing spawning aggregations into a narrow, alongshore corridor (Vaughn et al., 2007). 
Although there is still much debate on the role hypoxia may play in fisheries production 
(Chesney and Baltz, 2001; Breitburg, 2002; Diaz and Rosenberg, 2008), such a shortened 
spawning ground to estuary recruitment corridor may drive earlier estuarine recruitment for 
larval B. patronus, thereby decreasing offshore mortality during larval drift (Cushing, 1974; 
Letcher et al., 1996). 
Spawning dates back calculated from ages (dps) suggested movement of spawning 
aggregations further offshore the longer the season progressed (Whitehead, 1985; Vaughan et al., 
2007). Both sample years had bimodal spawning peaks, with minor differences in the 
distribution of spawning dates. The fall spawning peak occurred in either October or November, 
depending on year (Figure 5.5), and was smaller and earlier than the previously reported 
spawning peaks occurring in late January and February (Shaw et al., 1988; Powell 1994; Raynie 
and Shaw, 1994; Vaughn et al., 2000). In particular, there were a number of larval B. patronus 
collected in late September to early October 2007 that were 3-5 mm SL. Overall the larvae 
comprising the smaller fall spawning peak were generally smaller (̅ݔ = 14	݉݉	ܵܮ), and younger 
(22	݀݌ݏ) than the larger winter peak (̅ݔ = 19	݉݉	ܵܮ, ܽ݃݁	 = 	41	݀݌ݏ). The fall peak, however, 
corresponded to a shorter recruitment corridor and transit time, i.e., approximately 3 weeks, 
compared to the winter peak with transport times of approximately 6 weeks.  The fall transit 
time, therefore, is much shorter than the 4-10 week transport time estimated by Shaw et al. 
(1988), but corresponds well with adults being distributed along the coast in nearshore waters 
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during late summer/early fall before moving further offshore in October (Ahrenholz 1991) and 
perhaps being constrained by the Louisiana hypoxic zone (Vaughn et al., 2007). 
 The greatest larval growth rate was determined to occur a few days before the beginning 
of the ontogenetic transformation from selective particulate feeding to omnivorous filter feeding, 
with some variability between sampling years. The two cycle Laird-Gompertz model had a 
maximum growth rate for the initial larval stage (0.71 mm·day-1 at 33 dps) similar to the 
individual age grouped, Laird-Gompertz model (0.72 mm·day-1 at 33 dps), and both models had 
higher maximum growth rates than the SL grouped, Laird-Gompertz model (0.41 mm·day-1) or 
the grouped 10 dps block (0.586 mm·day-1 at 20-30 dps). The individual Laird-Gompertz models 
grouped by SL showed agreement with previous studies for the larval stage growth, with no 
difference between this study’s mean calculated growth (0.37 mm·day-1) and previously reported 
values of 0.36 – 0.37 mm·day-1 (Warlen, 1988; Raynie, 1991). However, the agreement between 
the two cycle Laird-Gompertz models in this study, modeled growth by Raynie and Shaw 
(1994), and the individual Laird-Gompertz models grouped by age suggested the timing of 
metamorphosis development was tied to age and ultimately upon ontogeny-based, shifting prey 
fields (Ditty et al., 2003; Ditty and Shaw, 2005). Any differences in length at these ages are 
likely due to variability in food sources/resources causing differences in the larval growth rate 
(Warlen, 1988; Lyczkowski-Shultz et al., 1990; Warlen, 1992) during the initial larval stage, 
when B. patronus larvae are selective particulate feeders (Stoecker and Govoni, 1984; Deegan 
1990; Lozano et al., 2012) .  
Water temperature differences between sampling year one and two supported the slight 
differences in growth rates and otolith microstructure for both years. In year one, the highest 
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growth rate was 0.63 mm·day-1, and was much lower than the maximum growth rate in year two 
(0.77 mm·day-1), when overall warmer water temperatures could have increased somatic growth 
(Houde, 1987; Heimbuch et al., 2007). However, differences in mean ring distance from otolith 
core, while small, showed the opposite trend of slightly faster otolith ring growth during year 
one. Previous work, however, has found similar decoupling between otolith growth and somatic 
growth (Mosegaard et al., 1988; Fey, 2006). Otolith microstructure for both years showed an 
increase in otolith ring width before the beginning of the ontogenetic shift from selective 
particulate feeding to an omnivorous filter feeding. The high growth rate before the shift in 
feeding strategy is potentially the result of lag time to adjust to new food source/resources, while 
the appropriate feeding structures finish development (Stoecker and Govoni, 1984; Deegan, 
1990; Maillet and Checkley 1990; Lozano et al., 2012). 
There was overwhelming agreement between the pooled, two cycle Laird-Gompertz 
model, the two cycle Laird-Gompertz models fit for each individual years, and the otolith 
microstructure analysis, for the mean age at which the ontogenetic shift from the larval to a 
juvenile stage began (33 dps), which coincided with the age previously reported for Fourleague 
Bay, Louisiana (33.55 dps; Raynie and Shaw, 1994). Otolith mean distance from the core and 
mean ring width decreased after 33 dps, which probably reflects limited feeding at this point due 
to the ontogenetic shift (Deegan, 1990; Raynie, 1991; Warlen, 1992; Lozano and Houde, 2013).  
Ten day blocked averages for growth rate and instantaneous growth rate showed similar 
agreement with the models for the initiation of transformation, with the greatest decrease in 
growth rates occurring between 30 and 40 dps. Transforming larvae of this age, which were 
between approximately 19 and 21 mm SL, may be expending more energy in development of 
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feeding apparatuses as they change food sources for the juvenile/adult stage (Deegan, 1990; 
Maillet and Checkley, 1990), and/or in deepening their body rather than increased length 
(Deegan, 1990, Raynie and Shaw, 1994).  
 The slower growth rates during the period, when feeding strategy begins to change, were 
similar across sampling years and modeling technique. The growth rates for the pooled (0.10 
mm·day-1) and yearly two cycle models (0.12 mm·day-1 and 0.09 mm·day-1, respectively) had 
strong agreement with the grouped Laird-Gompertz models (0.11 mm·day-1 and 0.09 mm·day-1). 
Within the 10 day blocking averages, the difference in growth rates between years is minor, and 
the expected period during onset of the feeding transition showed a similar decrease in growth 
rates. The switch of feeding from a selective, particulate, zoo-planktivorous strategy to an 
omnivorous filter feeding strategy likely drove the lower growth rate during this period (Deegan, 
1990; Maillet and Checkley, 1990; Chen et al. 1992; Lozano et al., 2012). Moreover, the 
decrease in otolith ring width showed that although daily rings were still accrued, there was 
limited growth during this time period.  Previously reported growth rates of 0.11 mm·day-1 
(Raynie, 1991) and 0.12 mm·day-1 (Deegan, 1990) agreed with all models herewithin. Despite 
this reduction in growth rate during transformation to the juvenile stage, larval B. patronus may 
typically undergo another period of rapid growth after 30 mm SL, when the larvae have acquired 
fully-developed feeding structures and are able to filter feed effectively, thereby enabling growth 
rates as high as 0.48 mm·day-1 (Deegan, 1990). 
5.5 Conclusions 
In general, the objectives of this study were successfully met. The use of the digital 
filtering methodology for analyzing B. patronus otoliths, combined with modeling and 
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microstructure analyses, provided an effective tool for analyzing length at age. The use of digital 
filtering techniques to quickly and objectively determine daily increments in small, fragile larval 
B. patronus otoliths also provided objective measurements of otolith microstructure. Although 
useful in comparisons to previous work, the individually-grouped, Laird-Gompertz models were 
less parsimonious and did not capture the ontogenetic shift in feeding strategy from a selective 
particulate feeder to an omnivorous filter feeder, except through interpretation. Finally, increased 
water temperature during year two appeared to increase growth rates, but those rates appeared to 
be decoupled from direct otolith ring depositional width comparisons between years. 
 The peak spawning period for B. patronus estimated from this study was from December 
to early February in 2006-2007 and from January to February in 2008. However, collection of 
small(3 − 5	݉݉	ܵܮ) and young (7 − 12	݀݌ݏ) larvae in late September - early October had back- 
calculated spawning dates that suggested a much earlier spawning season (i.e., early September) 
and a much shorter recruitment corridor than previously reported. Generally, larvae were older 
and larger the longer the season progressed, consistent with previous literature. 
 The two cycle Laird-Gompertz models, individually grouped Laird-Gompertz models, 
ten day blocked averages, and otolith microstructure all show high agreement that the beginning 
of an ontogenetic shift in feeding strategy occurred at approximately 33 dps. Moreover, all 
models showed that the greatest growth rate occurred prior to the ontogenetic shift in feeding 
capability, confirming the accumulative learning curve that larger larvae acquire to effectively 
select particulate zooplankton from the water column. The decrease in growth rate after the shift 
in development began was remarkably similar in all modeling analyses, and the growth rate 
appeared to be relatively constant over both sampling years. 
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CHAPTER 6. LATERAL DIFFERENCES IN LARVAL DENSITY AND PROBABILITY 
OF ENCOUNTER USING A ZERO INFLATED NEGATIVE BINOMIAL MODEL 
WITHIN A VERTICALLY WELL-MIXED TIDAL PASS 
 
 
Vertically, well-mixed tidal passes and estuaries in the northcentral  
Gulf of Mexico can present recruitment and retention issues for  
Ichthyoplankton, since they cannot exploit flow differentials based  
on depth. Alternatively, lateral flow differences related to edge  
effects within tidal passes may present opportunities for retention  
during estuarine outwelling. Densities of larval Anchoa hepsetus,  
Anchoa mitchilli, Brevoortia patronus, Sciaenops ocellatus,  
Cynoscion arenarius, and C. nebulosus, were collected at lateral  
three stations (northern edge, center channel, and southern edge)  
laterally across a tidal pass, and at two depths (surface, and near- 
bottom) in Bayou Tartellan, Louisiana, over 72-hour sampling  
periods in both April and September 2007. A Zero Inflated Negative  
Binomial (ZINB) model was used to analyze differences in larval  
density and probability of encounter, while minimizing bias from  
the large number of samples containing no larvae of a particular  
species. Results indicated that during inflows on flood tides, most  
larvae had a higher probability of encounter and higher densities  
at the surface in the center channel, where currents were strongest.  
During outwelling flows on ebb tides, larger larvae generally had a  
higher probability of encounter and higher densities at the natural  
southern edge of the tidal pass. The anthropogenically-altered (i.e.,  
bulkhead) northern edge of the tidal pass appeared to be limited in  
both probability of encounter and density for all species considered. 
 
6.1 Introduction 
In the northern Gulf of Mexico (GOM), 75% to 95% of the commercial fisheries landings 
are comprised of estuarine-dependent species, exemplifiying the importance of effective 
estuarine recruitment of offshore-spawned ichthyoplankton through tidal passes into estuarine 
nurseries (Chambers, 1992; Mann, 2000). Other than the Mississippi and Atchafalya Rivers, 
most embayments and estuaries in the northcentral GOM have relatively small drainage basins 
with little freshwater head; are relatively shallow (1 − 3	݉); and have a north-south cardinal 
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orientation which is in alignment with the prevailing wind fields. This is especially true during 
the late fall through early spring when periodic and energetic atmospheric cold front events 
occur. Such meteorologically-driven flows have not only been shown to increase vertical mixing 
(Brown et al., 2004; Li et al., 2009), but to also temporarily override the prevailing diurnal 
microtides (Rogers et al., 1993; Wang and Craig, 1993; Parker et al., 1995; Park, 2012; Kim and 
Park, 2012). This wind forcing can be estimated by looking at the overall net transport of water 
within the tidal pass after filtering the diurnal tidal cycle effects from measured velocities and 
calculated volume estimates (Stone et al., 2004; Li et al., 2011).  Previous northern GOM zoo-
/ichthyoplankton studies along the northern GOM have shown a lack of ichthyoplankton vertical 
stratification (Lochmann et al., 1995; Holt and Holt, 2000; Kim et al., 2010), which is most 
probably a reflection of this limited potential for vertical haline stratification (Smith, 1977; 
Moeller et al., 1993; Cahoon and Reed, 1995; Wang, 1997; Li et al., 2009; Li et al., 2011). The 
lack of vertical stratification within the water column and ichthyoplankton community 
diminishes the potential for behaviorally-mediated recruitment strategies such as selective tidal 
stream transport (STST), which is common in the deep, vertically well-stratified estuaries (i.e., 
drowned river valleys) of the east coast of the U.S.A. (Arnold and Cook, 1984; Boehlert and 
Mundy, 1988; Tankersley et al., 1998; Gibson et al. 2001; Criales et al., 2011). 
Under vertically well-mixed conditions, flow velocities at discrete depths are somewhat 
more constant, with the exception of the bottom boundary layer, where friction and vertical eddy 
diffusion dominate tidal advection (Wang and Craig, 1993; Trowbridge et al., 1999; Wang, 
2002). In addition, the shape of the tidal pass and resultant hydrodynamics created from 
bathymetric variability, branches, and eddies can create environments where flow velocity may 
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vary laterally during either tidal stage (Kjerfve, 1978; Boon and Byrne, 1981; Wang and Craig, 
1993; Li and O’Donnell, 1997). Under such vertically well-mixed conditions, this combination 
of responses, therefore, may make tidal pass flow velocities more likely to vary in relation to 
edge distance within tidal stage, than with depth typical of vertically-stratified systems 
(Whitfield, 1989; Lyczkowski-Shultz et al., 1990; Raynie and Shaw, 1994). For example, within 
a partially/well-mixed estuary, tidal stage has an asymmetrical effect on the bottom boundary 
layer, with the “law of the wall” (i.e., average velocity being proportional to the log distance 
between the point and the wall) being non-existent during ebb tides (Trowbride et al., 1999; 
Stacey and Ralston, 2005).  
 Differences in ichthyoplankton densities between flood and ebb tides at the center and 
edges of tidal passes have been documented in northern GOM studies (Lyczkowski-Shultz et al., 
1990; Raynie, 1991; Raynie and Shaw, 1994).  In a companion to this analysis (Kupchik, 2014), 
no statistically significant vertical differences in larval density between surface and near-bottom 
collections for either tide at a dock sampling station in Bayou Tartellan were found for Anchoa 
hepsetus (broad-striped anchovy), Anchoa mitchilli (bay anchovy), Brevoortia patronus (gulf 
menhaden), Sciaenops ocellatus (red drum), Cynoscion arenarius (sand seatrout), and Cynoscion 
nebulosus (spotted seatrout). A similar lack of differences in vertical densities for A. hepsetus 
and B. patronus was reported from the Oyster Bayou tidal pass and its upper estuary, Fourleague 
Bay, Louisiana (Raynie and Shaw, 1994). However, higher densities of larvae occurred at the 
edges of Oyster Bayou during strong outflows, versus maximum densities in the center of the 
channel during flood tides (Raynie, 1991). In Dog Keys Pass, Mississippi Sound, larval densities 
for B. patronus and C. nebulous also showed no vertical differences, but higher densities of 
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larger larvae were collected near the edge of the tidal pass during strong outflows (Lyczkowski-
Shultz et al., 1990). Estuarine-dependent larvae spawned offshore in the northern GOM, 
therefore, experience effective recruitment by taking advantage of the strongest flooding flows at 
the center channel or residual inflows due to coastal setup, and effective retention by exploiting 
differences in flow velocities at different lateral locations within tidal passes, or ultimately 
recruiting far enough into the estuary to avoid being outwelled during ebb tides (Weinstein et al., 
1980; Beckley, 1985; Roper, 1986; Whitfield, 1989; Schultz et al., 2003).  
Another difficulty when trying to determine operative transport/recruitment/retention  
mechanisms for ichthyoplankton is their well-documented spatial heterogeneity in marine 
environments (Hewitt, 1981; Frank et al., 1993; Letcher and Rice, 1997; Bradbury et al., 2003; 
Décima, 2010; Leis et al., 2013) Larval fish patch dynamics often result in excess zeroes during 
sampling above what would be expected for any distribution (Liu, 2009), which can potentially 
mask differences and may bias analytical results due to unaccounted for sources of variability 
(Barry and Welsh, 2002; Maunder and Punt, 2004; Minami et al., 2007). When the proportion of 
zeroes exceeds the number allowed under the distribution, the data set is said to be zero-inflated 
(Lambert, 1992, Heilbron, 1994; Tu, 2002). Two processes can lead to zero inflation. First, a 
zero that is a result of ecological processes acting upon the distribution (i.e., “true” zeroes) such 
as a low frequency of occurrence due to life history strategy (i.e., batch spawning, spawning 
periodicity, etc.) or strong, periodic physical forcing creating samples with no organisms present 
(Gaston and McArdle, 1994; Martin et al., 2005).  Alternatively, “false” zeroes, the result of 
sampling and observer errors, can occur from either failure to incorporate appropriate 
spatial/temporal scales in the study design or failure to encounter a species despite its presence 
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(MacKenzie et al., 2002; Tyre et al., 2003). Failure to account for either zero generating process 
will produce bias in parameter estimates and negatively impact the ability to accurately infer 
relationships between groups of organisms and habitat, or appropriate management strategies 
(Lambert, 1992; MacKenzie et al., 2003; Field et al., 2005; Rhodes et al., 2005).  
This analysis was designed to determine ichthyoplankton distributions and lengths at 
different locations laterally across the tidal pass, while accounting for hydrodynamic parameters, 
flow direction, and processes which can lead to zero-inflation. Models were developed 
individually for Anchoa hepsetus (broad-striped anchovy), Anchoa mitchilli (bay anchovy), 
Brevoortia patronus (gulf menhaden), Sciaenops ocellatus (red drum), Cynoscion arenarius 
(sand seatrout), and Cynoscion nebulosus (spotted seatrout), based on differences in life-history 
strategy. 
6.2 Materials and Methods 
6.2.1 Sampling Location  
 Ichthyoplankton sampling was conducted in Bayou Tartellan, near the Port of Fourchon, 
Louisiana (Figure 6.1). Bayou Tartellan and Bayou LaFourche are the first major inland splits 
from the connection with the GOM at Belle Pass (29° 5’ 53.9” N, 90° 13’ 17.8” W). The area 
represents a well-mixed tidal pass (i.e., little temperature, salinity or dissolved oxygen vertical 
stratification) having high turbidity, and a relatively small drainage basin contributing a low 
volume of freshwater input.  The sampling site (29° 6’ 49” N, 90° 11’ 4” W) consisted of three 
locations where passive plankton net sampling was conducted. The first location was in 
approximately 10 meters of water from a dock extending approximately 4 meters from the 
northern bank into a 73 meter wide tidal pass. The second and third sampling locations were 
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conducted from a moored boat at either the center of the tidal channel, or approximately 10 
meters from the southern bank at the channel edge of the naturally sloping bank (Figure 6.1). 
 
Figure 6.1: Map of the study location in relation to the Gulf of Mexico and coastal Louisiana. 
The points in black represent the sampling locations, with the final panel being the sampling 
locations from an aerial photograph of Bayou Tartellan.  
 
6.2.2 Field Sampling Methodology 
 Ichthyoplankton sampling at the northern edge of the tidal pass was conducted using a 
fixed davit at the end of the dock, which suspended a stainless steel cable from the channel 
bottom to above the sampling deck. Boat ichthyoplankton sampling was conducted using a fixed 
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davit attached to the starboard side, which suspended a winched steel cable from the channel 
bottom. The boat was repositioned to mooring stations at mid-channel and the southern shore for 
each sampling effort. For all locations, passive plankton samples were taken using a 60-cm ring 
net (333 µm mesh, 2 meter length, dyed dark green) attached to a gimbal with a vane for 
orientation into the current. A plastic vinyl coated cod-end with 333 µm mesh drainage ports was 
attached to the end of the net to facilitate sample collection. A General Oceanics flowmeter 
(model no. 2030 with slow velocity rotor) was positioned just off center of the ring to determine 
volume of water filtered and subsequent calculation of zoo-/ichthyoplankton densities (number 
of organisms / volume of water). 
 During sampling, both a surface and a near-bottom, passive, ichtyhoplankton collection 
was taken in random order. Surface collections were six minutes long, and near-bottom 
collections were ten minutes to compensate for vertical differences in current speed and 
ultimately volume of water filtered (i.e., sampling effort). For near-bottom collections, the net 
mouth was closed on deployment until in position, opened for sampling, and subsequently closed 
for retrieval to prevent vertical contamination of the sample during transit through the water 
column.  Nets were rinsed and washed down from the outside in, to avoid sample contamination.  
A minimum of three replicate, ichthyoplankton samples were collected for each 
combination of tidal and diel stage (i.e., day and night flood, day and night ebb) for each location 
over a 72 hour period. Two sampling efforts were conducted, 18th - 21st April 2007 and 16th - 19th 
September 2007. Individual sampling dates were chosen to maximize astronomical tidal ranges.   
 Ichthyoplankton samples were initially preserved in 10% buffered (sodium phosphate, 
dibasic NaH2PO4.H20, and monobasic Na2HPO4) formalin for approximately 3.5 hours as a 
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short-exposure, long-term fixative. Samples were then rinsed with fresh water and switched into 
a 70% ethanol solution for long-term storage, and later access for larval fish otolith work.  
 Meteorological data were collected by accessing an on-site meteorological station that 
continuously recorded wind speed, wind gust strength, wind direction, barometric pressure, and 
air temperature, and by using a handheld temperature/pressure integrated anemometer on the 
dock. The meteorological station was located approximately 20 meters from the dock sampling 
site, and was at a height of 20 meters to avoid confounding interactions with ground structures.  
Meteorological data were also incorporated from a station located on Grand Isle (29° 15.8’ N, 
89° 57.4’ W, Station ID: 87161724), approximately 27 kilometers away from the sample site and 
maintained by the National Oceanographic and Atmospheric Association (NOAA). 
 Estuarine hydrographic parameters were measured during each plankton sample using a 
portable YSI (model no. 85) to record temperature, conductivity (salinity), and dissolved oxygen. 
A continuously sampling YSI (model no. 600R) moored offshore of the dock, also measured the 
same parameters. Meteorological and hydrographic data were periodically downloaded as 
necessary and archived for storage.  Data concerning predicted diurnal tides, measured tide 
height, and the resulting difference in tidal prism were from the tide gauge station (Station ID: 
8762075) at the Port of Fourchon, Fourchon, Louisiana (29° 6.8’ N, 90° 11.9’ W).  
A bottom-mounted, upward-looking Acoustic Doppler Current Profiler (ADCP, RDI 
1200 KHz Broadband Workhorse) was placed in the center of Bayou Tartellan to measure the 
vertical profile of current velocity and direction. Manned boat and autonomous robotic boat 
surveys (Weeks et al., 2011) along Bayou Tartellan and Bayou LaFourche out to Belle Pass were 
also conducted using downward-looking ADCPs. These data provided a correction factor for the 
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mid-channel stationary upward-facing ADCP, and were used to estimate differences in currents 
at both edges of the tidal pass.  A volume transport (m3/s) was calculated for Bayou Tartellan 
from these data. To remove the tidal and inertial effects, a 6th-order 40-hr Butterworth low-pass 
filter was applied to the raw volume transport to produce a net water transport (m3/s; NWT). 
These net transport data effectively show the lower-frequency subtidal oscillations associated 
with cold front events and other wind forcing, while filtering out the higher frequency diurnal 
tidal oscillations (Li et al. 2009). 
6.2.3 Laboratory Methods 
In the lab, zoo-/ichthyoplankton collections with a volume of material greater than 200 
mL were split in half using a box plankton splitter, and those with a volume greater than 400 mL 
were split into quarters. Samples were sorted under a dissecting stereoscope and all 
ichthyoplankton were removed for identification, measurement and analyzed. A subset of sorted 
samples was checked for completeness of zooplankton removal by a second party.  
 Ichthyoplankton were identified to the lowest taxonomic level possible, depending on 
size of the organism and physical condition. Standard length (SL) of each specimen was 
measured to prohibit damage to caudal fins biasing results, and recorded for analysis. Some 
larval fish that were difficult to identify were stained using Alizarin blue and Alizarin red to 
facilitate meristic counts. Identifications were based on the following literature: Stuck and Perry 
(1982); Fahay (1983); Moser (1984); Ruple (1984); Richards (2006); Fahay (2007).       
6.2.4 Statistical Analysis 
 As previously mentioned, the large number of zeroes associated with sampling 
ichthyoplankton presents a source of variability that, if unaccounted for, could bias estimates and 
273 
 
 
 
comparisons. To address the large number of zeroes in the dataset, we utilized an approach that 
combined a generalized linear model allowing for probability estimates of absence in the tidal 
pass, as well as quantifying the expected ichthyoplankton density at encounter. The statistical 
analysis was conducted with a zero-inflated negative binomial (ZINB) model, where the mixture 
distribution is composed of a negative binomial model for the count response and a logistic 
model for zero inflation. The negative binomial model may contain zeroes, and the logistic 
model contains only zero responses. The ZINB model is a generalization of the zero-inflated 
Poisson (ZIP) model originally derived by Lambert (1992). The model was fit using the 
GENMOD procedure (SAS 9.3) for generalized linear models.  
The two data generating processes are related in the following equation, where: 
ݕ௜	~	 ൜		0, 																																ݓ݅ݐℎ	݌ݎ݋ܾܾ݈ܽ݅݅ݐݕ		݃(ݕ௜|ࢄ௜), 																		ݓ݅ݐℎ	݌ݎ݋ܾܾ݈ܽ݅݅ݐݕ 	
߮௜
								1 − ߮௜ 
the zero generating process occurs with probability ߮௜, and the process generating the count 
distribution occurs with probability 1 − ߮௜. Bernoulli trials are used to determine which process 
generates the data. Covariates may be common between the two models, but not necessary, and 
inference is based off the combination of the two results. Refer to Appendix A for the complete 
derivation of the zero-inflated negative binomial distribution. 
Due to a passive sampling design, the response variable (counts of ichthyoplankton) was 
standardized to the mean volume of water sampled (̅ݔ = 15݉ଷ).  The ZINB model contains both 
continuous and class covariates. The continuous covariates in the model are standard length of 
the individual larvae (SL), net water transport (NWT ), and water density (ߜ௧).  Water density 
(ߜ௧), incorporated as a water mass tracer, was calculated using the equation from Gill (1982; 
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Appendix 3.1). The first class covariate was location (ܮܵ) within the tidal pass, which had 3 
levels: Dock, Channel, and Shore. The second class covariate was depth (ܵܦ), with two levels: 
Surface and Near-Bottom. The final class variable was a diel classification (ܦܰ) with two levels: 
Day and Night. All model variables are evaluated with a Wald’s Chi Square probability (ChiSq). 
 Minimum sufficient models are created through a forward stepwise procedure with 
comparison of the generality of models being done using Akaike’s Information Criterion (AIC; 
Akaike, 1974). Models were specified for each species included in the analysis as life history 
differences dissuade a comprehensive model. The study is focused on the higher-level interaction 
terms. To investigate whether larger larvae may preferentially use the edges of the tidal pass 
during outflows and the center channel during inflows, the interaction term of location, SL, and 
NWT (ܹܰܶ · ܵܮ · ܮܵ) was used. To investigate any vertical depth usage, the interaction of 
depth, SL, and NWT (ܹܰܶ · ܵܮ · ܵܦ) was used. Finally, to investigate if there is diel vertical 
movement by larvae, the interaction of depth with the diel component (ܵܦ · ܦܰ) was used. For 
species where higher level terms were not included in the final minimum sufficient model, the 
focus is on the following model interaction: location of the sample across the tidal pass by NWT 
(ܹܰܶ · ܮܵ). 
6.3 Results 
6.3.1 General Hydrodynamics 
 Net water transport effectively showed the lower-frequency subtidal oscillations from 
wind forcing on the system. During 18-21 April 2007, the oscillations followed fluctuations in 
wind direction accounting for a lag of a few hours, with no overall trend during sampling (Figure 
6.2). There was an overall downward trend in NWT during 16-19 September 2007 (Figure 6.3). 
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 Salinity measurements were overall higher in April (̅ݔ = 30.6	݌݌ݐ, ݏ݀ = 1.56, ݎܽ݊݃݁ =
	28.4	݌݌ݐ  − 33.2	݌݌ݐ) than in September (̅ݔ = 26.7	݌݌ݐ, ݏ݀ = 0.72, ݃݁ = 25.1	݌݌ݐ	– 
28.2	݌݌ݐ). There were no statistically significant differences between surface and near-bottom  
 
Figure 6.2: The upper graph provides predicted and measured tidal heights and overall net water 
transport for Bayou Tartellan during 18-22 April 2007. The lower graph provides the 
atmospheric data, including barometric pressure, air temperature, wet bulb temperature, and 
wind direction and magnitude for the same time period. For wind speed, every 2 degrees on the 
temperature scale corresponds to 1 m/s of wind speed. 
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Figure 6.3: The upper graph provides predicted and measured tidal heights and net water 
transport for Bayou Tartellan during 16-20 September 2007. The lower graph provides the 
atmospheric data, including barometric pressure, air temperature, wet bulb temperature, and 
wind direction and magnitude for the same time period. For wind speed, every 2 degrees of 
temperature corresponds to 1 m/s of wind speed. 
 
 
salinities for each respective month (April: ݌ = 0.0953,ܹܯܹ; September: ݌ =
0.5218,ܹܯܹ). Mean water temperatures were colder in April (̅ݔ = 23.0°ܥ, ݏ݀ = 1.46, 
ݎܽ݊݃݁ = 	20.7°ܥ	– 	25.3°ܥ) than mean temperatures in September (̅ݔ = 28.2°ܥ, ݏ݀ = 0.59, 
ݎܽ݊݃݁ = 	26.7°ܥ	– 	29.8°ܥ). Similar to salinity measurements, there was a lack of significant 
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difference between surface and near- bottom water temperatures in each month (April: ݌ =
0.6119,ܹܯܹ; September: ݌ = 0.0995,ܹܯܹ). Higher salinities and lower water temperatures 
in April led to a higher mean water density (̅ݔ = 24.0	ߪ௧, ݏ݀ = 1.7) than in September (̅ݔ =
19.1	ߪ௧, ݏ݀ = 0.7	݌݌ݐ).  
6.3.2 Cross Channel Hydrodynamics - Northern Dock Edge 
 The mean NWT from 18-21 April at the northern dock was slightly negative at -3.7 m3/s 
(ݏ݀ = 91.4), and the distribution was slightly skewed with a median of -1.7 m3/s. The greatest 
positive NWTs were as high as 121.2 m3/s, with 25% of all calculated NWTs greater than 97.1 
m3/s. Net water transports in this range had water mass characteristics of either salinities above 
30.5 ppt at temperatures less than 22°C (ߜ௧ > 24.3), indicative of a more coastal-ocean source, 
or with salinities less than 30.5 ppt at temperatures between 23°C and 24°C (22.6 < ߜ௧ < 23.8). 
The greatest negative NWT value was -125.7 m3/s, and 25% of the calculated transports were 
less than -92.0 m3/s. Outwelling from strong negative NWTs had a range of salinities, and the 
majority of these events were classified as having temperatures consistent with the warmer 
estuarine water mass, at temperatures above 24°C.  
During 16-19 September, the mean NWT at 7.3 m3/s (ݏ݀ = 78.2) was greater than in 
April, and there was a lack of skewness with a median of 7.4 m3/s. The largest positive NWTs at 
the dock had magnitudes as great as 121.5 m3/s, and a quarter of the calculated values were 
above 86.3 m3/s. These strong inflow NWTs had salinities from 25.8 to 28.2 ppt, and a narrow 
range of water temperatures from 27.8°C to 28.8°C (18.1 < ߜ௧ < 20.5). Maximum negative 
NWT for September was -98.4 m3/s, with a quarter of all values less than -88.9 m3/s. Strong 
outwelling from large negative NWTs were associated with salinities less than 26 ppt and 
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temperatures greater than 28.5°C (ߜ௧ < 18.3), or at temperatures below 27.8°C and salinities 
below 27.5 ppt (ߜ௧ < 20.3).  
6.3.3 Cross Channel Hydrodynamics - Center Channel 
 The mean NWT in the center channel during 18-21 April was -10.8 m3/s (ݏ݀ = 99.2), 
and had a heavy skew towards negative NWT values with a median value of -78.6 m3/s. The 
largest positive NWT was 127.4 m3/s, with a quarter of all NWTs greater than 93.1 m3/s. The 
highest positive NWTs were characterized by salinities greater than 32 ppt and temperatures 
below 22°C (ߜ௧ > 25.6), more indicative of a coastal water mass. The largest negative NWT 
value was -117.4 m3/s, and 25% of all calculated NWTs were lower than -102.4 m3/s. The largest 
negative NWTs were characterized by salinities between 29.5 and 31.5 ppt and by temperatures 
from 21.5 to 25.2°C (22.5 < ߜ௧ < 25.3).  
 The mean NWT in the center channel for 16-19 September was -2.2 m3/s (ݏ݀ = 73.1), 
with a heavily skewed distribution towards negative NWTs (݉݁݀݅ܽ݊	 = 	−31.0 ݉ଷ/ݏ). The 
strongest positive NWTs had a magnitude of  95.3 m3/s, with a quarter of all NWTs being greater 
than 65.5 m3/s. The strongest positive NWTs were characterized by salinities above 26.7 ppt 
(ߜ௧ > 18.7) between temperatures of 28.4 and 29.2°C. Maximum negative NWT for September 
was -93.4 m3/s, with a quarter of all NWTs less than -78.1 m3/s. The strongest negative NWTs, 
associated with estuarine outwelling, occurred at salinities between 26.5 and 27.2 ppt and 
temperatures below 28.2°C.  
6.3.4 Cross Channel Hydrodynamics - Southern Shore Edge 
 The mean NWT for 18-21 April at the southern shore edge was 5.5 m3/s (ݏ݀ = 97.6) 
with a negative skew based on a median NWT of -10.2 m3/s. The greatest NWTs were calculated 
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to be 129.0 m3/s, with a quarter of all NWTs greater than 110.2 m3/s. The large positive NWTs at 
the southern shore edge were characterized by salinities greater than 32 ppt and temperatures 
below 22°C (ߜ௧ > 25.6), indicative of coastal waters.  Strong outwelling NWTs had a maximum 
value of -110.0 m3/s, with a quarter of all NWTs less than -88.8 m3/s.  The strongest negative 
NWTs had salinities between 29.7 and 30.6 ppt at temperatures between 21.5 and 24.4°C 
(22.9 < ߜ௧ < 24.4).  
The mean NWT at the southern edge for 16-19 September was -1.3 m3/s (ݏ݀ = 74.3), 
and had a positive skew with a median NWT of 22.0 m3/s. The maximum positive NWT was 
99.0 m3/s, and a quarter of all calculated NWTs were at least 70.4 m3/s.  The strong positive 
NWTs occurred at salinities above 27.4 ppt and water temperatures between 28.3 and 28.6°C 
(ߜ௧ > 19.5). The greatest negative NWT was -89.7 m3/s, with a quarter of all calculated NWTs 
less than -71.3 m3/s. These larger negative NWTs were strongest with water masses that were 
more estuarine-like with measured salinities of 26.4 ppt and 27 ppt and temperatures less than 
28.3°C (19.0 < ߜ௧ < 19.5). Small positive and negative NWTs were more numerous on the 
southern shore than either the center channel or northern dock edge, and were characterized by a 
wide range of salinities (26.5-27.7 ppt) and temperatures (17.8-29.06°C) producing a narrow 
range of water densities (18.6 < ߜ௧ < 20.0). 
6.3.5 General Ichthyoplankton 
 There were 37,433 larval fish representing 19 families and 26 genera collected in both the 
April and September sampling efforts. In April, 3,069 larval fish representing 15 families and 20 
genera were collected, while in September, 34,364 larval fish, 14 families and 15 genera were 
collected. Positive NWTs had a maximum density of 917 indiv./15m3, with multiple densities 
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above 400 indiv./15m3. In contrast, there are no densities during negative flows greater than 400 
indiv./15m3 (Figure 6.4), except for a single value density of 2300 indiv./15m3. This singular  
density was collected from near-bottom center channel, and was exclusively composed of 
Anchoa spp., < 4.5 mm SL, and was treated as an outlier for modeling purposes.  Statistical 
analyses were conducted on densities for the following six most abundant species: broad-striped 
anchovy (Anchoa hepsetus), bay anchovy (Anchoa mitchilli), gulf menhaden (Brevoortia 
patronus), red drum (Sciaenops ocellatus), sand seatrout (Cynoscion arenarius), and spotted 
seatrout (Cynoscion nebulosus).  
Figure 6.4: Frequency histograms of overall larval density during both positive and negative net 
water transports. Positive net water transports saw a higher frequency of zero collections, more 
positive collections overall, and higher maximum densities compared to negative transport 
events. Areas for the inserts are bounded by the rectangular box, and focus on densities less than 
50 indiv./15m3. 
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6.3.6 Anchoa hepsetus (broad-striped anchovy) 
Larval A. hepsetus, an estuarine-dependent species spawned offshore, were collected in 
both April (̅ݔ = 2.02	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 7.93) and September (̅ݔ = 13.5	݅݊݀݅ݒ/15݉ଷ, ݏ݀ =
53.1). Recruitment was heavily pulsed, with only an overall 24.8% encounter rate. In April, the 
greatest numbers of larval A. hepsetus were within the 12 - 13 mm category, and those greater 
than 15 mm SL, which were approximately 21% and 24% of all individuals, respectively 
(̅ݔ = 11.2	݉݉, ݏ݀ = 5.75; Figure 6.5). In September 2007, mean length was 9.37 mm (ݏ݀ = 
Figure 6.5: Mean density, standard error, and size-class percent frequency histograms for A. 
hepsetus larvae collected in 18-21 April and 16-19 September 2007. In April most of the larvae 
were greater than 12 mm SL. In September the highest densities of larvae were centered on the 
9-10 mm SL size-class. 
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6.15), and lengths were more normally distributed and centered around the 9-10 mm size class, 
which represented approximately 34% of all larvae.  
Larval densities of A. hepsetus were significantly affected by SL and water depth 
(݌ < 0.0001, Table 6.1). However, the lack of a significant interaction between SL, depth, and 
NWT suggests STST was not utilized as a recruitment and retention mechanism. Larvae between 
6 and 12 mm SL had higher densities near-bottom than at the surface. Surface densities were 
generally low, with small peaks between 8 and 10 mm SL and for larvae greater than 14 mm SL.  
Water density was not significant in the model for describing differences in densities of 
larval A. hepsetus (Table 6.1), despite ranges in water temperature and salinity similar to other 
species in the analysis. Larvae were collected at a water temperature range of 21.0°C to 28.4°C 
(̅ݔ = 25.0	°ܥ, ݏ݀ = 2.39), and over a wide range of salinities, i.e., 26.7 ppt to a more shelf-like 
33.2 ppt (̅ݔ = 29.4	݌݌ݐ, ݏ݀ = 1.78). The large range of salinities and water temperatures 
produced a fairly large range of water densities, where larval A. hepsetus were collected (19.2 <
ߜ௧ < 26.9, ̅ݔ = 22.4	ߜ௧, ݏ݀ = 2.20).   
There was an increase in probability of encounter for both the center channel and the 
southern shore edge as NWT increased (݌ < 0.0001, Table 6.1). There was a net estuarine 
recruitment of larvae from offshore and coastal spawning grounds because significantly greater 
chances of encounter were expected during positive NWTs (݌	 < 	0.0001, Table 6.1), and larval 
broad-striped anchovy were collected from a large range of NWTs (−117.4	݉ଷ/ݏ < ܹܰܶ <
129.0	݉ଷ/ݏ; ̅ݔ = −19.7 ݉ଷ/ݏ). During positive NWTs, the center channel had much greater 
densities (̅ݔ = 309.6	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 1387.7) than either the southern shore edge (̅ݔ =
0.92	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 2.21), or northern dock edge (̅ݔ = 0.34	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 0.46; 
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Table 6.1: Model terms and associated significance levels for general 
ichthyoplankton and each species included for the Zero Inflated Negative Binomial 
Model (ZINB). For all models, terms for both the logistic zero model (ZM) and the 
negative binomial model (NBM) are provided with the appropriate signifigance 
levels. Terms in the models that were significant at    p ≤ 0.05 (Chi-Square) are in 
bold. Terms that upon stepwise model building were no not significant in 
decreasing AIC, and subsequently excluded from the model, are represented by an 
x.  
Species 
Anchoa hepsetus Anchoa mitchilli 
  Model Terms   ZM  NBM  ZM   NBM 
Pr
im
ar
y 
M
od
el
 T
er
m
s Standard Length (SL)   <0.0001   0.0008   0.1504   0.1429 
Net Water Transport (NWT) <0.0001 0.0703 0.4932 0.0759 
Water Density (WD)   x   x   <0.0001   0.0267 
Location of Sample (LS) <0.0001 <0.0001 <0.0001 <0.0001
Sample Depth (SD)   0.0002   <0.0001   <0.0001   <0.0001
Diel Classification (DN) 0.8412 <0.0001 <0.0001 0.1107 
Month (M)   x   x   x   x 
                      
In
te
ra
ct
io
n 
M
od
el
 T
er
m
s 
NWT * SL x 0.3878 0.0013 0.3567 
NWT * WD   x   x   x   0.2429 
NWT * LS <0.0001 <0.0001 <0.0001 0.3422 
NWT * SD   x   0.0897   <0.0001   <0.0001
WD * SL x x 0.0834 0.1635 
M * SL   x   x   x   x 
LS * SL x 0.1158 0.0071 <0.0001
SD * DN   <0.0001   0.8648   <0.0001   <0.0001
SD * SL x <0.0001 <0.0001 <0.0001
NWT * SL * LS   x   0.0036   0.0057   0.2833 
NWT * SL * SD   x   0.1751   <0.0001   <0.0001
Pearson Chi-Square 0.9703 0.9058 
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Table 6.1 Continued: Model terms and associated significance levels for general 
ichthyoplankton and each species included for the Zero Inflated Negative 
Binomial Model (ZINB). For all models, terms for both the logistic zero model 
(ZM) and the negative binomial model (NBM) are provided with the appropriate 
signifigance levels. Terms in the models that were significant at    p ≤ 0.05 (Chi-
Square) are in bold. Terms that upon stepwise model building were no not 
significant in decreasing AIC, and subsequently excluded from the model, are 
represented by an x.  
Species 
Brevoortia 
patronus Sciaenops ocellatus
  Model Terms  ZM  NBM  ZM   NBM 
Pr
im
ar
y 
M
od
el
 T
er
m
s Standard Length (SL)   <0.0001   0.0007  0.0001   0.1006 
Net Water Transport 
(NWT) x  <0.0001 x  0.0038 
Water Density (WD)   x   x  x   x 
Location of Sample (LS) 0.0051 <0.0001 <0.0001 <0.0001
Sample Depth (SD)   x   x  x   0.8001 
Diel Classification (DN) x x x <0.0001
Month (M)   <0.0001   <0.0001  x   x 
                     
In
te
ra
ct
io
n 
M
od
el
 T
er
m
s 
NWT * SL x 0.0002 x x 
NWT * WD   x   x  x   x 
NWT * LS x 0.0001 x <0.0001
NWT * SD   x   x  x   x 
WD * SL x x x x 
M * SL   x   <0.0001  x   x 
LS * SL x x x x 
SD * DN   x   x  x   x 
SD * SL x x x x 
NWT * SL * LS   x   0.0001  x   x 
NWT * SL * SD   x   x  x   x 
Pearson Chi-Square 1.2257 0.8199 
285 
 
 
 
Table 6.1 Continued: Model terms and associated significance levels for general 
ichthyoplankton and each species included for the Zero Inflated Negative 
Binomial Model (ZINB). For all models, terms for both the logistic zero model 
(ZM) and the negative binomial model (NBM) are provided with the appropriate 
signifigance levels. Terms in the models that were significant at    p ≤ 0.05 (Chi-
Square) are in bold. Terms that upon stepwise model building were no not 
significant in decreasing AIC, and subsequently excluded from the model, are 
represented by an x.  
Species 
Cynoscion 
arenarius 
Cynoscion 
nebulosus 
  Model Terms  ZM  NBM  ZM   NBM 
Pr
im
ar
y 
M
od
el
 T
er
m
s Standard Length (SL)   <0.0001   <0.0001  x   <0.0001
Net Water Transport 
(NWT) <0.0001  <0.0001 x  <0.0001
Water Density (WD)   <0.0001   x  x   <0.0001
Location of Sample (LS) <0.0001 <0.0001 <0.0001 0.0157 
Sample Depth (SD)   x   x  x   x 
Diel Classification (DN) <0.0001 <0.0001 x <0.0001
Month (M)   x   x  x   x 
                     
In
te
ra
ct
io
n 
M
od
el
 T
er
m
s 
NWT * SL x <0.0001 x x 
NWT * WD   x   x  x   x 
NWT * LS 0.0191 0.1267 x 0.0006 
NWT * SD   x   x  x   x 
WD * SL x x x x 
M * SL   x   x  x   x 
LS * SL x <0.0001 x x 
SD * DN   x   x  x   x 
SD * SL x x x x 
NWT * SL * LS   x   x  x   x 
NWT * SL * SD   x   x  x   x 
Pearson Chi-Square 1.2082 0.2402 
 
 
   
 
 
 
Table 6.2). Of most interest is the significant difference of larval A. hepsetus densities indicated 
by the interaction of location across the tidal pass, SL, and NWT (݌ = 0.0036, Table 6.1). At the 
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northern dock edge, the greatest densities of larvae were found between 0 and 50 m3/s, and were 
comprised of larvae greater than 12 mm in length (̅ݔ = 13.2	݉݉, ݏ݀ = 2.08; Figures 6.6 and 
6.7; Table 6.2). Peak densities of larval A. hepsetus in the center channel occurred at between 40 
m3/s and greater than 100 m3/s for larvae generally smaller than 10mm in length (Figure 6.6). 
Lengths of larval A. hepsetus in the center channel (̅ݔ = 10.0	݉݉, ݏ݀ = 2.38) and the southern 
shore edge (̅ݔ = 9.56	݉݉, ݏ݀ = 2.73; Table 6.2) had similar size class distributions, while the 
northern dock had a larger proportion of larger larvae (Figure 6.7). In contrast, peak densities 
occurred at the southern shore edge during negative NWTs of approximately -50 m3/s. When 
compared to densities during positive NWTs, larval densities during negative NWTs increased at 
the southern shore edge (̅ݔ = 1.52	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 3.71) and northern dock edge (̅ݔ =
0.72	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 0.12), whereas larval density decreased in the center channel (̅ݔ =
3.04	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 14.7; Table 6.2). The SL during negative NWTs increased at the 
southern shore edge (̅ݔ = 10.5	݉݉, ݏ݀ = 3.10), and decreased at the northern dock edge 
(̅ݔ = 10.1	݉݉, ݏ݀ = 2.72) and center channel (̅ݔ = 8.50	݉݉, ݏ݀ = 2.53; Table 6.2). 
6.3.7 Anchoa mitchilli (bay anchovy) 
September densities of estuarine-obligate A. mitchilli larvae (̅ݔ = 85.0	݅݊݀݅ݒ./
15݉ଷ, ݏ݀ = 195.5) were greater than those collected in April (̅ݔ = 20.0	݅݊݀݅ݒ./15݉ଷ, ݏ݀ =
46.2). In September, larval A. mitchilli mean SL (̅ݔ = 8.34	݉݉	, ݏ݀ = 2.97) was also greater 
than in April (̅ݔ = 6.93	݉݉	, ݏ݀ = 2.40). The greatest densities sampled in September were 
between 7-10 mm SL and comprised approximately 50% of all sizes. In April, nearly 40% of all  
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Table 6.2: Larval fish mean densities (LD), probability of encounter (PE), and mean standard length (SL) for all species included in 
the analysis based on location across the tidal pass and by positive and negative net water transports.  LD are provided as a mean and 
standard deviation in parenthesis, PE is presented as the percent chance of encounter, and SL are presented as the mean and standard 
deviation in parentheses. Overall LD, PE, and SL are provided for each species across all locations for either all positive transports or 
all negative transports. 
29.9%
20.1%36.0%37.2%2.6%
0.05 (0.13) 7.2% 1.94 (8.64) 50.0% 0.65 (3.17) 52.8%
7.57 (27.4) 2.98 (6.11) 2.76 (7.28) 5.01 (19.3)59.2% 67.2% 68.4% 3.65 (1.24)3.67 (1.31)3.11 (1.13) 3.51 (1.25)
3.24 (0.81)3.28 (0.83)3.25 (0.87)3.17 (0.82)
63.9%
0.70 (4.81)
44.8% 60.3% 55.1% 51.9%
30.6% 30.8% 32.6% 31.2%
4.22 (1.40)
0.06 (0.21) 14.7 (2.91)
3.17 (0.58) 1.32 (2.42) 4.40 (1.20) 0.66 (1.38) 4.33 (1.64) 0.53 (1.53)
36.3%
34.5%
31.6%
20.1%
67.0%
29.9%
5.03 (1.79)
1.35 (4.88) 52.8% 3.33 (0.83)
2.99 (8.17)
0.96 (3.45)
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34.2%
36.0%
79.5%
4.08 (1.02) 1.53 (2.58)
9.56 (2.73) 79.8 (714.6)
4.91 (1.77)
3.38 (0.86)
54.1% 83.1% 54.4% 61.5%
3.32 (0.75)
4.41 (1.86)
7.63 (2.91)
7.17 (7.23) 16.3 (126.9) 13.3 (4.92) 0.76 (4.38) 13.0 (4.30) 4.57 (64.6) 12.1 (5.18)
50.0%
30.5%
37.2%
7.58 (2.88) 16.2 (40.9)
C. arenarius
C. nebulosus
Species
2.59 (10.2)
0.71 (2.15)
2.9%
14.1%
30.6%
2.6%
S. ocellatus 0.03 (0.04)
52.6%
7.2%
6.91 (2.37) 25.4 (56.1) 7.36 (2.55) 17.7 (59.2) 8.80 (2.83) 15.6 (45.8) 7.53 (2.65)
B. patronus 0.07 (0.22) 13.3 (4.83) 0.04 (0.19) 16.0+ (0) 0.06 (0.20) 16.0+ (0)
10.1 (2.58)
N
e
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a
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e
 
N
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A. hepsetus 0.72 (0.12) 10.1 (2.72) 3.04 (14.7) 8.50 (2.53)
C. nebulosus
A. hepsetus
A. mitchilli
B. patronus
S. ocellatus
C. arenarius
0.40 (1.31)
17.5 (50.9) 7.33 (2.55) 8.60 (10.9) 7.82 (3.12)
1.52 (3.71) 10.5 (3.10) 1.23 (80.6) 9.71 (2.90)
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r
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0.34 (0.46) 13.2 (2.08) 309.6 (1388) 10.0 (2.38) 0.92 (2.21)
0.76 (1.29) 3.00 (0.58) 1.68 (2.14) 4.88 (2.31)
5.14 (1.81)
2.77 (3.88)
4.18 (7.60)
55.3%
79.1%
50.0%
3.85 (1.28)
3.83 (1.53)
2.42 (3.09)
1.03 (3.63)
20.9 (38.9)
Northern Dock Edge Center Channel Southern Shore Edge Overall
LD PE LD PE SL LD PE SLSL LD PE SL
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Figure 6.6: Surface plot showing the effect of net water transport and standard length (SL) on 
modeled densities of larval A. hepsetus at the northern dock edge, the center channel, and the 
southern shore edge. The highest larval densities at the northern dock occurred for larvae greater 
than 12 mm SL between positive net water transports of 0 and 50 m3/s, whereas at the center 
channel it occurred between 40 and 100 m3/s for larvae less than 10 mm SL, and at the southern 
shore net water transports of approximately -50 m3/s for larvae less than 8 mm SL. 
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Figure 6.7: Histogram showing the mean density, standard error, and percent frequency of size-
classes of larval A. hepstus at the three sampling locations across the tidal pass. Larvae greater 
than 15 mm SL were primarily found at the northern dock edge.  
 
sizes sampled were between 6 and 8 mm SL (Figure 6.8). Over half of all samples contained A. 
mitchilli larvae, with a sample encounter percentage of 53.5%.  
Despite larval A. mitchilli being more commonly collected within colder, more saline 
water masses, i.e., larvae more likely encountered at higher water densities (݌ < 0.0001, Table 
6.1), large density pulses of A. mitchilli were associated with warmer, fresher waters 
representative of the inner estuary (̅ݔ = 25.1°ܥ	, ݏ݀ = 2.63, ݎܽ݊݃݁: 21.0°ܥ	ݐ݋	29.4°ܥ; 	݌ =
0.0267, Table 6.1). The maximum recorded salinity was 33.2 ppt, and the lower bound was 25.7 
ppt (̅ݔ = 29.2	݌݌ݐ, ݏ݀ = 2.07). The range of salinities and water temperatures produced a fairly 
large range in water densities for A. mitchilli (18.3 < ߜ௧ < 26.9;	 ̅ݔ = 21.2	ߜ௧, ݏ݀ = 2.54).  
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Figure 6.8: Mean density, standard error, and size-class frequency histograms of A. mitchilli 
larvae collected in April and September 2007. In April most of the larvae were between 6 and 8 
mm SL. In September the highest densities of larvae were between 7 and 10 mm SL. 
 
 
 The interaction between depth and diel was highly significant in determining probability 
of encounter and larval A. mitchilli densities (݌ < 0.0001, ݌ < 0.0001, respectively; Table 6.1). 
Daytime surface encounters were far less likely to contain larvae than any other depth/diel 
combination, suggesting visual gear avoidance to be likely despite ambient high turbidity and 
measures to minimize the optical profile of the gear. However, the surface day combination 
showed a large increase in the expected density of larval A. mitchilli, suggesting that large 
densities, while rare, were more likely to be encountered at the surface during the day. 
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The interaction of location across the tidal pass, SL, and NWT is of most interest, but was 
only significant in determining probability of encounter (݌ < 0.0057, Table 6.1). Also of high 
interest was the interaction of depth, SL, and NWT which was highly significant in describing 
probability of encounter and larval density, respectively (݌ < 0.0001, ݌ < 0.0001, Table 6.1). 
Across the range of SLs, the probability of larval fish being present at the northern dock edge 
was greater than the center channel and southern shore edge with increasing positive NWTs 
(Figure 6.9). However, during negative NWTs, larger A. mitchilli had a slightly greater  
probability of encounter at the center channel and southern shore edge versus the northern dock. 
Similar to location, with increasing larval A. mitchilli SL and increasing positive NWTs, there 
were increases in probability of encounter at the surface. There were significant differences in 
probability of encounter and larval densities by SL between locations (݌ < 0.0071, ݌ < 0.0001, 
Table 6.1), where the center channel had the greatest densities of larger larvae (̅ݔ = 8.03	݉݉, 
ݏ݀ = 11.77), followed by the southern shore edge (̅ݔ = 7.64	݉݉, ݏ݀ = 11.76), and the northern 
dock edge had the smallest lengths and least variability (̅ݔ = 7.03	݉݉, ݏ݀ = 8.79; Figure 6.10).  
At the northern dock edge, there were fairly constant proportions of sizes from 4 to 12 mm. The 
center channel had a better representation of larger sizes, and had similar proportions for all 
larvae sampled between 6 and 15 mm SL, with a notable peak in density between 13 and 14 mm 
SL. During positive NWTs, the southern shore had the highest overall densities (̅ݔ =
20.9	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 38.9) followed by the northern dock (̅ݔ = 20.9	݅݊݀݅ݒ./15݉ଷ, 
ݏ݀ = 38.9) and center channel (̅ݔ = 17.5	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 50.9), with all having similar 
mean SLs (ݎܽ݊݃݁: 7.33 − 7.82	݉݉	ܵܮ). On negative NWTs, the center channel had the overall 
highest density (̅ݔ = 25.4	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 56.1), followed by the southern shore (̅ݔ =
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17.7	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 59.2) and the northern dock (̅ݔ = 8.47	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 22.9), yet 
the southern shore had the greatest mean SL, i.e., 8.8 mm versus 7.36 mm (center channel) or 
6.91 mm (northern dock; Table 6.2). Overall, the highest chance of encountering A. mitchilli 
larvae greater than 6 mm SL was during strong outwelling NWTs. 
 
 
Figure 6.9: Surface plot for probability of encounter for A. mitchilli as a function of SL and 
NWT. Across the range of SLs, the northern dock had high probability of encounter at NWTs 
greater than 35 m3/s and for smaller larvae at NWTs around -50 m3/s, whereas the center 
channel, across the range of SLs had the highest probability of encounter at transports greater 
than 60 m3/s especially for larvae greater than 8 mm SL, and the southern shore at transports 
greater than 25 m3/s for larvae greater than 10 mm SL. 
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Figure 6.10: Histogram showing the mean density, standard error, and percent frequency of size 
classes of A. mitchilli at the three sampling locations across the tidal pass. 
 
 
6.3.8 Brevoortia patronus (gulf menhaden) 
 
Brevoortia patronus larvae, which are estuarine dependent, had a higher probability of 
encounter (݌ < 0.0001, Table 6.1) and higher densities (݌ < 0.0001, Table 6.1) in April 
(̅ݔ = 2.01	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 5.23), than September (̅ݔ = 0.70	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 3.93). A 
large portion of samples contained no larval B. patronus; with an overall sample encounter 
percentage of only 20.4%. Densities of larger B. patronus in April (̅ݔ = 15.0	݉݉	, ݏ݀ = 1.66) 
were significantly greater than in September (̅ݔ = 3.5	݉݉	, ݏ݀ = 0.71; 	݌ < 0.0001, Table 6.1). 
Generally, there was increased probability of encounter and higher densities for larval B. 
patronus with increasing SL (݌ < 0.0001, ݌ = 0.0007, Table 6.1). The greatest densities in 
April were of larvae greater than 15 mm SL, and comprised more than 90% of all sizes sampled 
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(Figure 6.11). When including the effect of NWT, larger larvae occurred in higher densities on 
positive flows greater than 50 m3/s (݌ = 0.0002, Table 6.1; Figure 6.12A). In September, 98% 
of all larvae sampled were between 2 and 5 mm SL, and larvae less than 4 mm in length had 
peak densities between 50 and 100 m3/s (Figure 6.12B).  
Figure 6.11: Mean density and size-class percent frequency histograms of B. patronus larvae 
collected in 18-21 April and 16-19 September 2007. In April nearly all of the larvae were greater 
than 14 mm SL. In September all of the larvae were between 2 and 5 mm SL. 
 
 
The ZINB model results showed significant differences in across channel probabilities of 
encounter (݌ = 0.0051, Table 6.1). Larval densities as a function of the interaction of location, 
SL, and NWT (݌ = 0.0001, Table 6.1) were also highly significant. Overall, the highest 
probability of encounter was along the southern shore edge. There was strong evidence for both  
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Figure 6.12: Surface plot showing the effect of net water transport and SL on modeled densities 
for larval B. patronus for April (Plot A) and September (Plot B). Plot (A) shows peak densities 
for larvae with standard lengths from 12 to 14 mm, at positive net water transports greater than 
100m3/s. Plot (B) shows peak densities for shorter larvae occurring between 50 and 100 m3/s.  
 
effective estuarine recruitment and retention. Positive NWT larval densities were greatest in the 
center channel (̅ݔ = 16.3	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 129.6), and much greater than either the southern 
shore edge (̅ݔ = 0.76	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 4.38) or northern dock edge (̅ݔ = 0.40	݅݊݀݅ݒ./
15݉ଷ, ݏ݀ = 1.31; Table 6.2). In contrast, during negative NWTs, densities for the southern 
shore edge (̅ݔ = 0.06	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 0.20), the center channel (̅ݔ = 0.04	݅݊݀݅ݒ./
15݉ଷ, ݏ݀ = 0.19) and northern dock edge (̅ݔ = 0.07	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 0.22; Table 6.2) were 
all much lower. Larger B. patronus were taken at the center channel and southern shore during 
both positive and negative NWTs (Table 6.2). 
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6.3.9 Sciaenops ocellatus (red drum) 
Due to their normal truncated spawning and recruitment season, estuarine dependent S. 
ocellatus larvae were only collected in September (̅ݔ = 8.76	݊/15݉ଷ, ݏ݀ = 17.2); yet, even 
with this very short season, there was a large amount of pulsing or patchiness as only 33.8% of 
the September samples contained larvae. Probability of encounter for larval S. ocellatus 
significantly decreased with increasing SL in Bayou Tartellan (݌ = 0.0001, Table 6.1). Larvae  
 
Figure 6.13: Mean density, standard error, and size-class frequency histograms of S. ocellatus 
larvae collected from 16-19 September 2007. The highest mean densities and greatest frequency 
of larvae were between 3 and 5 mm SL. 
 
had a mean SL of 5.95 mm (ݏ݀ = 2.96, ݎܽ݊݃݁:	1	݉݉	ݐ݋	10.8 ݉݉	ܵܮ), and approximately 85% 
of all larvae were between 3 mm and 5 mm SL (Figure 6.13). Larger densities were sampled at  
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night (̅ݔ = 17.3	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 21.1) than day (̅ݔ = 0.19	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 0.62; 	݌ <
0.0001, Table 6.1). The lack of a significant depth term or interaction of depth and diel term 
suggests that perhaps larvae were able to visually avoid the gear during daylight hours.  
Location across the tidal pass was significant in determining the probability of encounter 
and larval density (݌ < 0.0001, ݌ < 0.0001, Table 6.1), and the higher level interaction of the 
location and NWT was also highly significant in describing larval S. ocellatus densities (݌ <
0.0001, Table 6.1). Positive NWTs resulted in increasing densities of larvae, and densities 
decreased to zero with outgoing flow strengths greater than -50 m3/s. When larvae were 
encountered, the northern dock edge had higher densities; however, the overall likelihood of 
encounter was significantly less there than either at the center channel or the southern shore. This 
resulted in overall densities at the northern dock edge (̅ݔ = 1.81	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 6.39) that 
were much lower than either the southern shore edge (̅ݔ = 17.4	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 24.6) or the 
center channel (̅ݔ = 13.3	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 17.8), regardless of flow direction. During 
positive NWTs, densities were highest at the southern shore (̅ݔ = 2.77	݅݊݀݅ݒ./15݉ଷ, ݏ݀ =
3.88), followed by the center channel (̅ݔ = 1.68	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 2.14), and the northern 
dock edge (̅ݔ = 0.76	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 1.29; Table 6.2). During negative NWTs, densities 
were less at all three locations, supporting estuarine recruitment from offshore. Highest densities 
were collected at the center channel (̅ݔ = 1.32	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 2.42) and southern shore 
(̅ݔ = 0.66	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 1.38), with very low densities collected at the northern dock edge 
(̅ݔ = 0.03	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 0.04; Table 6.2), which were also an order of magnitude lower 
than during positive NWTs. Mean lengths were slightly larger on negative NWTs at the southern 
shore and northern dock edge, and slightly shorter within the center channel (Table 6.2). 
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6.3.10 Cynoscion arenarius (sand seatrout) 
April densities of estuarine dependent C. arenarius larvae (̅ݔ = 2.78	݅݊݀݅ݒ./15݉ଷ, ݏ݀ =
11.0) were much lower than September (̅ݔ = 25.4	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 52.3). Overall, larval C. 
arenarius had a sample encounter percentage of 37.6% during the study. However, April 
collections had fewer individual pulses, whereas in September pulses or evidence of patchiness 
were more numerous and contained higher densities. In general for either month, smaller larvae 
were more likely to be encountered (݌ < 0.0001, Table 6.1) and were found in higher 
Figure 6.14: Mean density, standard error, and size-class frequency histograms for C. arenarius 
larvae collected in 18-21 April and 16-19 September 2007. In April most larvae were less than 2 
mm SL. In September most of the larvae were between 2 and 5 mm SL. 
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densities (݌ < 0.0001, Table 6.1). No larvae from any location had a length greater than 10 mm 
SL in either month. April had more larvae less than 2 mm SL (Figure 6.14).  
Probability of encounter for larval C. arenarius was significantly influenced by water 
density (݌ < 0.0001, Table 6.1). There was a decrease in probability of encounter up to water 
densities of approximately 23.5ߜ௧, where there was a leveling off at around a 50% encounter 
rate, suggesting recruitment from coastal ocean waters or from the deeper channels of the estuary 
mouth. 
There was a significant diel component to predicting probability of encounter and larval 
density for C. arenarius (݌ < 0.0001, ݌ < 0.0001, Table 6.1). The probability of encounter was 
higher during the day, than night. However, densities were much lower during the day (̅ݔ =
4.27	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 11.10) than night (̅ݔ = 22.71	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 51.78). The lack of 
a significant depth term and interaction term between depth and diel component, points to STST 
not being a recruitment/retention strategy with limited or no evidence for diel vertical migration 
within the water column. 
 The interaction of location and NWT (݌ = 0.0191, Table 6.1) indicated that the 
probability of encounter was low for all three locations and flow directions, with the northern 
dock edge always having the lowest probabilities. Cynoscion arenarius had significant 
differences in larval densities based on SL as a function of NWT (݌ < 0.0001) and SL with 
location across the tidal pass (݌ < 0.0001, Table 6.1). In general, larger larvae, particularly 
those greater than 6 mm SL, were less likely to be encountered in the tidal pass and had lower 
overall densities. Positive NWTs had slightly higher densities for larvae greater than 3mm SL 
(̅ݔ = 4.91	݉݉, ݏ݀ = 1.77), and densities were greater at the southern shore and larvae were 
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larger at the center channel and southern shore (Table 6.2). In contrast, negative NWTs had high 
densities of larvae less than 3mm SL (̅ݔ = 3.51	݉݉, ݏ݀ = 1.25), and densities were greater at 
the northern dock, but larvae had larger SLs at the southern shore (Table 6.2).  The ZINB 
modeled the northern dock edge (̅ݔ = 3.42	݉݉, ݏ݀ = 1.23) to have the highest densities of C. 
arenarius larvae <4 mm SL. The southern shore edge (̅ݔ = 4.55	݉݉, ݏ݀ = 1.74) had higher 
densities of smaller larvae than the center channel (̅ݔ = 4.49	݉݉, ݏ݀ = 1.76), and all locations 
became similar for larvae over 6 mm SL.  
6.3.11 Cynoscion nebulosus (spotted seatrout) 
Estuarine dependent C. nebulosus larvae were only collected in September (̅ݔ =
3.97	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 10.3), and had an overall sample encounter percentage of 41.9%. 
Significantly higher densities of C. nebulosus larvae were collected as water density increased 
(݌ < 0.0001, Table 6.1), indicative of spawning in coastal ocean or higher saline tidal pass 
waters rather than the estuary. There was also a significant diel component (݌ < 0.0001, Table 
6.1) to larval C. nebulosus densities, with day densities being smaller than night. Although the 
larvae collected were very small (2-6 mm SL), the disparity in densities between day (̅ݔ =
0.41	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 0.72) and night (̅ݔ = 7.54	݅݊݀݅ݒ./15݉ଷ, ݏ݀ = 13.75) suggests visual 
gear avoidance.  
Larval densities for C. nebulosus significantly varied by SL (݌ < 0.0001), and for the 
interaction of location across the tidal pass and NWT (݌ = 0.0006, Table 6.1). Peak densities 
consisted of the 2 to 4 mm SL size classes (September: ̅ݔ = 3.31	݉݉, ݏ݀ = 0.83), which 
comprised over 74% of all larvae sampled (Figure 6.15). In general as larval length increased,  
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Figure 6.15: Mean density, standard error, and size class frequency histograms of C. nebulosus 
larvae collected in 16-19 September 2007. The highest mean densities and greatest frequency of 
larvae were between 2 and 4 mm SL. 
 
 
there was a decrease in expected larval density as very few larvae larger than 17 mm SL were 
sampled (i.e., ݊ = 3 for larvae 15 + 	݉݉ SL).  During positive NWTs, densities were 
significantly greater at the southern shore (̅ݔ = 1.35	݊/15݉ଷ, ݏ݀ = 4.88) and center channel 
(̅ݔ = 1.03	݊/15݉ଷ, ݏ݀ = 3.63) than the northern edge (̅ݔ = 0.71	݊/15݉ଷ, ݏ݀ = 2.15; Table 
6.2). In contrast during negative NWTs, the center channel had greater densities (̅ݔ =
1.94	݊/15݉ଷ, ݏ݀ = 8.64) than the southern (̅ݔ = 0.65	݊/15݉ଷ, ݏ݀ = 3.17) or extremely low 
densities at the northern dock edge (̅ݔ = 0.05	݊/15݉ଷ, ݏ݀ = 0.13; Table 6.2). 
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6.4 Discussion 
6.4.1 Hydrography 
Bayou Tartellan tidal pass was vertically well-mixed having no statistical difference 
between surface and near-bottom water temperature, salinity, or water density for either 
sampling month. The passage of atmospheric cold front passages with associated energetic 
rotating wind fields would increase vertical mixing in this shallow estuary (Walker and 
Hammack, 2000). Hydrodynamic differences in this vertically well- mixed system may, 
therefore, depend more highly on tidal stage, flow magnitude, lateral discontinuities, or edge 
distance effects within the channel, than on vertical thermohaline stratification (Lyczkowski-
Schultz et al., 1990; Maynord, 2006). Observed differences among the northern dock, center 
channel, and southern shore positive and negative NWTs supports this lateral concept. 
The difference in periodicity and trend between NWT, and predicted versus measured 
tides showed the impact that small-scale, temporal effects like wind events have on the 
hydrology in the tidal pass, e.g., significant changes in NWT direction and magnitude (Swenson 
and Chuang, 1983; Chesney et al., 2000; Perez and Day, 2000; Walker and Hammack, 2000; 
Swenson, 2003, Li, 2011). Specifically in April, NWT was cyclic and driven by the passage of 
frontal events occurring before and after our four-day sampling period, creating very little 
change overall in the tidal prism. In September, however, strengthening negative NWTs were 
related to a deviation in the tidal prism following a frontal event on 15 September, despite 
predominantly southerly winds during this period. The influence of atmospheric forcing on 
subtidal oscillations has been shown to be an important driver of estuarine flushing in micro-tidal 
environments (Bianchi et al., 1997; Chesney et al., 2000; Lipp et al., 2001; Brown et al., 2004).  
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Variability within hydrodynamics and NWT differed in each of the two sampling months 
for each of the three sampling locations across the tidal pass. In April, higher salinities and 
colder water temperatures during positive NWTs were characteristic of coastal-shelf waters, with 
the greatest positive NWTs in the center channel, lower at the southern shore edge, and lowest at 
the northern dock edge.  Negative NWTs were greatest at the northern dock and lowest at the 
southern shore, characterized by higher water temperatures and lower salinities more indicative 
of estuarine waters. In September, all three locations had similar water mass characteristics, 
where the greatest positive NWTs occurred with high salinity and more consistent with coastal-
ocean waters, although temperatures were generally warmer than 28°C. Negative transports had 
lower salinities indicative of the upper estuary, and cooler temperatures, possibly from a 
previous passage of a winter frontal event lowering temperatures in this shallow, well-mixed 
estuary. The negative transports were greatest in the center channel and once again lowest at the 
southern shore. These lateral hydrodynamic trends, based on location across the tidal pass, are 
likely influenced by bathymetric variability, distributary branches, and local eddies creating 
differing flow patterns dependent on the magnitude and directionality of the flow (Wang et al., 
1993; Li and O’Donnell, 1997). The asymmetrical relationship between the two edges of the 
tidal pass likely results from the law of the wall being non-existent during outgoing flows for the 
northern dock edge, and confounded by a distributary being directly upstream (Trowbride et al., 
1999; Stacey and Ralston, 2005). 
6.4.2 Anchoa Congenerics 
Life history characteristics highlight the difference between an estuarine-dependent 
species such as A. hepsetus (broad-striped anchovy), which spawn near-shore in approximately 
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10 meters of water or less (Ditty et al., 1988; Lapolla, 2001), and the estuarine-obligate, A. 
mitchilli (bay anchovy), which spawns within the estuary requiring no transport across shelf and 
through the tidal pass (Zastrow et al., 1991). Although both A. hepsetus and A. mitchilli were 
sampled during both study months, September had higher densities than April for both species, 
which probably reflects a protracted spawning period starting in spring, peaking during mid-
summer, and then tapering off during early fall (Castro and Cowen, 1991; Lapolla, 2001; Fahay, 
2007). The estuarine-dependent versus estuarine-obligate nature of these two species was clearly 
seen during both months, when broad-striped anchovy densities peaked during positive NWTs, 
and bay anchovy densities peaked during negative NWTs and also had more estuarine 
encounters overall.  
Interestingly, during positive NWTs, the southern shore edge had the highest probability 
of encounter for larval A. hepsetus and A. mitchilli, while during negative flows, the probability 
of encounter in the center channel increased for A. hepsetus and A. mitchilli, and decreased at the 
southern shore. However, there was a significant increase in the mean length for both Anchoa 
congenerics at the southern shore during negative NWTs. Larger A. hepsetus and A. mitchilli 
larvae were likely to be found in higher densities at the southern shore edge, particularly at high 
flow rates around -50m3/s, which may help in minimizing being flushed out of the estuary during 
strong outwelling (Lapolla, 2001; Nieland et al., 2002). Similar findings for increased larval 
density at the edges of tidal passes versus the center channel during outflows have been 
documented and postulated as potentially being a retention mechanism in both Louisiana and 
Alabama (Lyczkowski-Schultz et al., 1990; Raynie, 1991; Raynie and Shaw, 1994). In particular, 
the extended benthic boundary layer conditions created by the gentler sloping natural shoreline 
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of the southern shore edge may provide refuge areas of decreased flows more conducive to 
estuarine retention for larger larvae that can move laterally across the tidal pass thereby 
encountering less energetic flows (Trowbridge et al., 1999; Lapolla, 2001; Nieland et al., 2002; 
Wang, 2002). The lack of large densities at the northern dock edge during negative NWTs for 
either species may reflect the decreasing effect of the law of the wall in providing refuge from 
outwelling (Trowbridge et al., 1999; Wang, 2002; Stacey and Ralston, 2005).  
6.4.3 Other Species  
The estuarine-dependent nature of B. patronus, S.ocellatus, and the two Cynoscion 
congenerics was indicated by higher flood densities. Larval B. patronus densities were 
significantly higher during positive NWTs, with higher densities occurring in the center channel 
at transports greater than 50 m3/s. The spawning season for B. patronus has been traditionally 
reported as being from October to February (Ditty et al., 1988; Barbieri et al., 1994; Hare and 
Able, 2007; Vaughan et al., 2007; Schaffler et al., 2009; Taylor et al., 2009; Hernandez et al., 
2010). However, the small larvae collected in September suggests earlier spawning and estuarine 
recruitment, and perhaps initial spawning closer to shore than previously reported in Louisiana 
(Ruple, 1984; Shaw et al., 1985).  Sciaenops ocellatus and the two Cynoscion congenerics all 
showed the same trend of higher densities occurring during positive NWTs.  
During positive NWTs, all species in the analysis showed lateral partitioning across the 
tidal pass in terms of either probability of encounter and/or larval density. Generally, positive 
NWTs showed the highest probability of encounter and greatest densities to be located in the 
center channel or southern shore edge of the tidal pass. In addition, mean SLs for all species 
except A. hepsetus and C. nebulosus were larger in the center channel, which would provide 
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larger larvae the maximum tidal excursion up estuary (Beckley, 1985; Whitfield, 1989; Roper, 
1986; Schultz et al., 2003). In particular, densities for A. hepsetus and B. patronus were much 
greater in the center channel, versus either edge. The other species in the analysis, A. mitchilli, S. 
ocellatus, C.arenarius, and C. nebulosus all had the greatest densities on flood tides at the 
southern shore edge, and except for A. mitchilli, were not significantly different from the center 
channel.  
During negative NWTs, lateral partitioning across the tidal pass in terms of probability of 
encounter and larval density also occurred. Generally, larger larvae were found at the southern 
shore edge of the tidal pass, possibly a reflection of size-dependent, behavioral mediation which 
could result in increased estuarine retention (Fisher 2005; Stanley et al., 2012). The notable 
exceptions were S. ocellatus and C. nebulosus, which had the largest larvae in the center channel, 
although these larvae were relatively small (< 4.5	݉݉	ܵܮ). During outwelling events, the center 
channel had a higher probability of encounter and smaller SLs for A. hepsetus, A mitchilli, and B. 
patronus, which may be a reflection of the strongest currents simply overriding the swimming 
capabilities of smaller larvae. For example, even though the center channel had high densities for 
A. hepsetus, A. mitchilli, and C. nebulosus, their mean SLs was significantly smaller than mean 
SLs at the southern shore edge.  
The extended benthic boundary layer conditions and sediment surface variability (e.g., 
oyster shells) at the natural, gently sloping edge of the southern shore edge of the tidal pass 
appeared to provide reduced flows and might increase the ability to resist outwelling events for 
larvae large enough to move horizontally (Wang et al., 1993; Trowbridge et al., 1999; Wang, 
2002). At the anthropogenically-altered, northern dock edge, the law of the wall appeared to 
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have had a diminished effect in moderating outgoing flows during strong negative NWTs 
(Trowbridge et al., 1999; Wang, 2002; Stacey and Ralston, 2005) 
Despite high Louisiana estuarine turbidities (Childers and Day, 1990; Nichol et al., 1994; 
Lane et al., 2006) and efforts to minimize the visual profile of the passive sampling gear, all 
species showed model results, which could suggest visual gear avoidance during daylight surface 
collections. The lack of a significant depth and diel interaction term for all species, except for B. 
patrnous, suggested that vertical stratification or migration is not likely due to the well-mixed 
nature of this tidal pass. Gulf menhaden larvae, however, did show weak evidence of diel vertical 
migration, which has been previously reported for similar tidal passes along the northern GOM 
(Shaw et al., 1988; Raynie, 1991; Govoni, 1997). The lack of any significant interactions linking 
depth with flow intensity and direction, except for the only estuarine-obligate species, A. 
mitchilli, suggested that STST is not an operative recruitment mechanism in vertically well-
mixed estuaries (Whitfield, 1989; Roper, 1986; Schultz et al., 2003; Criales et al., 2011). 
6.5 Conclusions 
The problems of heterogeneity within larval fish distributions in marine environments, 
and the resultant patch dynamics often result in excess zeroes above what would be expected for 
any distribution. Here the use of a ZINB is explored to help deal with that heterogeneity, while 
providing insight on probabilities of encounter and confidence to the predictions of larval 
density. The advantage of the ZINB over a simpler negative binomial model is the expressed 
relation of the covariates to the perfect state, and thus zero generation in the data (Minami et al., 
2007). Failing to account for zero generating processes can produce bias in parameter estimates 
and impact the ability to accurately understand relationships between groups of parameters and 
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organisms, where simple estimates of larval density may not elucidate horizontal movement, 
vertical/lateral structure, or recruitment/retention mechanisms. 
These ichthyoplankton analyses showed that probabilities of encounter and larval 
densities can be species specific, size dependent, and be related to the differences in NWT 
direction and strength across a tidal pass. The center channel had the strongest inflows for 
positive NWTs, and the greatest chance for estuarine-dependent larvae to successfully recruit far 
up estuary. At the natural bank of the southern shore edge of the tidal pass, the benthic boundary 
layer conditions and sediment surface variability appeared to provide reduced flows and an 
opportunity to resist outwelling events for larger larvae. The bulkheaded northern dock edge did 
not appear to aid in resisting outgoing flows.  
With no significant differences between surface and near-bottom hydrographic 
measurements and few or no tidal-depth (or diel) interactions, directed vertical movement under 
STST was not supported for transport through and retention within this vertically well-mixed 
tidal pass. Virtually all species in the analysis, with the exception of the only estuarine obligate 
species, A. mitchilli, exhibited varying degrees of recruitment pulsing or patchiness. In 
conclusion, the differences in ichthyoplankton distributions at different lateral locations across 
the tidal pass, may be enhanced by size-dependent, behaviorally-mediated horizontal movement 
which could utilize flow differences, micro-eddies and other small-scale circulation patterns, and 
channel geomorphic structural differences and boundary conditions, to maximize estuarine 
recruitment and retention. 
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CHAPTER 7. GENERAL SUMMARY AND CONCLUSIONS 
 
 This dissertation focused on zoo-/ichthyoplankton recruitment for estuarine-dependent 
larvae across varying spatial and temporal scales, incorporating both environmental and 
organismal analyses. It provided an investigation of recruitment in the highly variable 
environment along a recruitment corridor in the northern Gulf of Mexico (GOM) from inner 
continental shelf into a Louisiana tidal pass. First, the general vertical structure of zoo- 
/ichthyoplankton for the inner continental shelf off Louisiana was determined using a a mixed 
Analysis of Variance (ANOVA). Second, the potential effects of winter cold front passages on 
estuarine recruitment for winter spawning species using a Generalized Additive Model (GAM) 
were analyzed. Third, to investigate potential growth effects along the recruitment corridor 
during this transition period from more oligotrophic continental shelf waters to higher 
productivity and lower salinity estuarine waters for larval Micropogonias undulatus and 
Brevoortia patronus, a non-linear growth model and fine-scale measurement of otolith 
microstructure was used. Finally, potential differences in lateral cross channel probability of 
encounter and larval densities as they relate to the size of larvae and flow dynamics utilizing a 
Zero Inflated Negative Binomial (ZINB) model was investigated in an effort to help mitigate 
problems associated with the patchy distributions of larvae in the tidal pass. 
Chapter 1: There was a high percentage of zoo-/ichthyoplankton which had an affinity for 
surface or upper water column waters on Louisiana’s inner continental shelf. This result is even 
more relevant when considering ichthyoplankton vulnerabilities to potential oil spills in the 
GOM. Such offshore industrial accidents, like those of the Deepwater Horizon oil spill (2010) 
and other events, e.g., Taylor Energy Wells Platform 23051 oil spill/leak (ongoing since 1994) 
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and the gas blowout at the Hercules 265 Rig (2013), could represent significant additional 
mortality effects on early fishery life history stages already experiencing up to 99% natural 
mortality. 
Chapter 2: The passage of winter atmospheric frontal events was demonstrated to have 
strong effects on ichthyoplankton estuarine recruitment and retention for two species of offshore- 
spawned, estuarine-dependent larvae in particular, Brevoortia patronus and Micropogonias 
undulatus. Both species had similar life history traits and recruitment dynamics, which were 
associated with the length of the recruitment/transport corridor, i.e., spawning depth or distance 
from shore, and potential dependence on astronomical and meteorological forcing. Flood tides 
during the interim or pre-frontal phase with it’s dominate southerly wind fields and coastal setup, 
appeared to be an important enhancement to inshore transport mechanisms and successful 
estuarine recruitment for B. patronus and M. undulatus. Both species also experienced high 
larval densities on flood tides during low-frequency, westerly winds and corresponding low 
barometric pressures during passage of the front, which may be a result of enhanced inshore 
transport during the initial length of Bayou Tartellan which has a West-to-East orientation. 
Interestingly, there was a lack of enhanced estuarine recruitment for both species above the 
normal tidal component from easterly winds and expected Ekman transport onshore. During ebb 
tides, both species saw higher larval densities during northerly winds at high and low barometric 
pressures, creating conditions which would be negative for estuarine retention. 
Chapter 3: The problems of heterogeneity within larval fish distributions in marine 
environments, and the resultant patch dynamics often result in excess zeroes above what would 
be expected for any distribution. Using a Zero Inflated Negative Binomial (ZINB) model to 
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control for that heterogeneity provided insight on probabilities of encounter and confidence to 
the predictions of larval density laterally across Bayou Tartellan. These ichthyoplankton analyses 
showed that probabilities of encounter and larval densities could be related to differences in net 
water transport (NWT) direction and strength across a tidal pass, were size dependent, and were 
species specific. The center channel had the strongest inflows for positive NWTs, and the 
greatest chance for estuarine-dependent larvae to recruit successfully up estuary. At the natural, 
gently sloping bank of the southern shore edge of the tidal pass, the benthic boundary conditions 
and sediment surface variability appeared to provide reduced flows (especially during ebb tides) 
and an opportunity to resist outwelling events for larger larvae. The bulkheaded northern dock 
edge did not appear to be an aid in resisting outgoing flows. 
Chapter 4: To assess the effects of the recruitment corridor on individuals, instead of 
from assemblages of ichthyoplankton, otolith microstructure analyses were conducted. In order 
to provide more resolution on growth rate, across-shelf transport, the timing of estuarine 
ingress, standard length (SL) at hatch, and rate of growth in the days post hatch (dph), Laird-
Gompertz growth models were used larval Micropogoniasundulatus. The nature of the model 
allowed for expression of the limited somatic growth of larvae before recruitment into the lower 
salinity and more highly productive estuarine system of Bayou Tartellan. Moreover, the growth 
model also allowed for calculation of instantaneous growth rates that reflect small-scale, daily 
changes resulting from variable oceanographic conditions within the the recruitment corridor. 
This approach eliminates the bias introduced from overall growth averages expressed in a linear 
relationship with a singular rate of 0.2 mm·day-1, or from bias introduced from groupings of 
larvae in dph. The model also allowed for an estimation of maximum growth rate, which showed 
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that maximum fall growth rates with respect to dph occurred later than in the spring. Evidence 
based on differing growth rates between the fall spawning and recruitment season and the spring 
recruitment season suggested for the first time in the northern GOM that different spawning 
subgroups may exist as has been shown within North Carolina waters and the mid-Atlantic bight. 
This result was confirmed with differences in otolith microstructure between the fall and spring 
for both years, and the microstructure analysis was able to show different cohorts with variable 
recruitment corridor lengths possibly due to within year variability in adult batch spawning. The 
highly significant salinity component in the mixed model relating growth rate to the 
hydrodynamics in Bayou Tartellan reconfirmed the importance of low salinity and high 
productivity of estuarine waters for maximizing growth for larval and, ultimately, juvenile M. 
undulatus. 
Chapter 5: The peak spawning period for B. patronus was estimated to be from 
December to early February in 2006-2007 and from January to February in 2008. However, 
collection of small (3 − 5	݉݉	ܵܮ) and young (7	 − 	12 days post spawning; dps) larvae in late 
September - early October would have back-calculated spawning dates that suggest a much 
earlier than previously reported spawning season (i.e., early September) and a much shorter 
recruitment corridor. Generally, larvae were older and larger the longer the season progressed, 
consistent with previous literature. The two-cycle Laird-Gompertz models, individually grouped 
Laird-Gompertz models, ten-day blocked growth averages, and otolith microstructures all 
showed high agreement, and indicated that the beginning of an ontogenetic shift in feeding 
strategy occurred at approximately 33 dps. Moreover, all models showed that the greatest growth 
rate occurred offshore and prior to the ontogenetic shift in feeding capability, confirming growth 
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benefits from the accumulative learning curve that larger larvae acquire to effectively select 
particulate zooplankton prey items. The decrease in growth rate after the shift in development 
from a selective particulate feeder to an omnivorous filter feeder was remarkably similar in all 
modeling analyses, and the growth rate appeared to be relatively constant over both sampling 
years.  
In conclusion, the effects of tides, atmospheric events, life history strategy affecting 
recruitment corridor length, and hydrologic differences in forcing based on distance to tidal pass 
edge, all provide insight into the mechanisms that aid and/or hinder recruitment of estuarine-
dependent zoo-/ichthyoplankton that spawn offshore and require transport to estuarine nursery 
grounds. Concentration of larvae on the inner continental shelf off Louisiana in surface waters 
and the upper water column presents chances for interactions with impacts from the oil/gas 
industry that may further increase natural mortality. Winter cold front passages acting on the 
system may present both enhancement for recruitment during southerly winds and coastal setup 
on flood tides, and negatively impact successful retention during northerly wind enhanced ebb 
tides for estuarine-dependent species. However, net oberall recruitment was clearly indicated by 
more larvae being collected on inflows versus outflows. The effect of the transition from the 
more oligotrophic inner continental shelf waters to more productive estuarine waters was evident 
in growth rates for larval M. undulatus. Growth increased upon entering the lower salinity waters 
of the coastal boundary layer and more productive and less saline estuarine waters, highlighting 
the importance of successful recruitment from offshore spawning ground into the estuary. 
Finally, growth rates for larval B. patronus showed what appears to be an opposite trend, but the 
maximum growth rate occurring just before metamorphosis and the ontogenetic shift in feeding 
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strategy at this time to take advantage of the more productive estuarine waters is likely resulting 
in the stepped growth relationship. Despite the vertically well-mixed nature of most estuaries in 
Louisiana including particular Bayou Tartellan, differences in flow velocity near the edges of 
tidal passes may present areas of reduced flow especially during ebb tides for larvae large 
enough to actively move laterally where they may encounter these areas, thereby aiding 
retention. 
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APPENDIX A: ATMOSPHERIC AND TIDAL CHARTS 
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APPENDIX B: WEATHER MAPS FOR COLD FRONTS 
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APPENDIX C: DERIVATION OF THE ZERO INFLATED NEGATIVE BINOMIAL 
 
 Considering a random variable that is discreet (X), which has a maximum that is countable 
 This random variable has a general pmf: 
 
 
ܲ[ܺ = ݔ௜	|	ߠ] = ݃(ݔ௜	, ߠ),						ݓℎ݁ݎ݁			ߠ ∈ ῼ ∪ ܴௌ 
 
 
 For the negative binomial distribution that pmf is: 
 
 
݃(ݔ, ߠ, ߚ) = ܰГ(ܰ + ߚݔ)(ߠ(1 − ߠ)
ఉିଵ)௫
ݔ! Г(ܰ + ߚݔ − ݔ + 1)(1 − ߠ)ିே ,					ݔ = 0,1,2,3, … 
 
ݓℎ݁ݎ݁	0 < ߠ < 1, |ߠߚ| < 1, ߚ = 0	݋ݎ	ߚ ≥ 1, ܽ݊݀	ܰ > 0 
 
 
 Define new random variables with the following pmf: 
 
 
݂(ݔ, ߠ, ݌) = ൜(1 − ݌) + ݌݃(0, ߠ),																	ݔ = 0݌݃(ݔ, ߠ),																								ݔ = 1,2,3, … 										ݓℎ݁ݎ݁	0 < ݌ < 1, ߠ ∈ ῼ 
 
 
 Let (ݔଵ, ݔଶ, … , ݔ௡) be a random sample of size n from the pmf of the newly defined 
random variables. The likelihood function is then determined as: 
 
 
ܮ൫ߠ, ݌; ݔ൯ = [(1 − ݌) + ݌݃(0, ߠ)]௡బ݌௡ି௡బ ෑ݃(ݔ௜, ߠ)
௫೔ஷ଴
 
 
 The maximum likelihood equations for the estimation of p and ߠ: 
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݊଴(−1 + ݃(0, ߠ))
(1 − ݌) + ݌݃(0, ߠ) +
݊ − ݊଴
݌ = 0 
 
݊଴݌ ߲߲ߠ ݃(0, ߠ)
(1 − ݌) + ݌݃(0, ߠ) + ෍
߲
߲ߠ log ݃(ݔ௜, ߠ) = 0௫೔ஷ଴
 
 
 The result of these two equations becomes: 
 
(݊ − ݊଴) ߲߲ߠ ݃(0, ߠ)
1 − ݃(0, ߠ) 	+ ෍
߲
߲ߠ log ݃(ݔ௜, ߠ) = 0௫೔ஷ଴
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